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Leaf litter decomposition is a fundamental ecosystem process for the energy 
provisioning in streams, mainly mediated by microbial leaf decomposers and leaf-
shredding, detritivorous macroinvertebrates. Both decomposers and detritivores are 
under chemical stress from pesticides entering surface waters. Amongst these, 
fungicides may pose a particular risk, as they can negatively affect aquatic microbial 
decomposers but also detritivores via both waterborne exposure and by influencing the 
quality of their food. The overall objective of my thesis was to broaden the knowledge 
of fungicide effects on organisms and processes mediating leaf litter decomposition in 
streams as well as the interactions between decomposers and detritivores. 
Fungicides affected microbial decomposers by altering fungal biomass and 
community composition, and by changing the microbial fatty acid profile. These 
structural effects subsequently resulted in effects on microbial leaf litter decomposition. 
However, the strength of functional responses was dependent on the exposure history 
of microorganisms to chemical stressors, with previously exposed organisms showing 
less negative or even positive responses to fungicide exposure. Such a functional 
adaptation of microbial decomposers to chemical stress was congruently observed on a 
larger biogeographical scale within Europe, despite distinct structural responses at the 
individual study sites. Moreover, fungicides caused indirect effects on detritivores by 
reducing the palatability of leaf material and affecting the food choice of detritivores. 
Structural alterations on the microbial level led to a reduced food quality of leaf litter. 
Feeding on leaf litter of lower quality ultimately affected detritivores’ food processing 
(consumption and excretion) and resulted in lower lipid content and growth. Similar 
effects, although more pronounced, were observed for detritivores directly exposed 
through water. Nevertheless, neither effect pathway should be ignored given their 
additive action. 
Risks for fungicide effects at the base of the aquatic food web under field 
conditions can be expected, since effects on decomposers and detritivores were 
observed at field-relevant fungicide concentrations during this thesis. These findings in 
combination with the predicted higher fungicide use in the future due to agricultural 
intensification are reasons for concern, given the central roles of decomposers and 
detritivores in aquatic ecosystem functioning. 
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Lövnedbrytning är en grundläggande ekosystemprocess som påverkar 
näringstillgången i vattendrag. Processen utförs främst av makroevertebrater som 
fragmenterar löven (detritivorer) och mikrober som bryter ner löven. Dessa båda 
organismgrupper kan emellertid påverkas av kemiska föroreningar som hamnat i 
vattnet. Bland dessa kan fungicider utgöra en särskild risk. De påverkar främst 
mikrobiella nedbrytare, men kan även ha negativ inverkan på detritivorer genom direkt 
exponering via vattnet och genom att påverka kvalitén på deras föda. Det övergripande 
målet med min avhandling var att öka kunskapen om fungiciders effekter på de 
organismer och processer som medverkar till lövnedbrytning i vattendrag, samt om 
interaktioner mellan detritivorer och nedbrytare.  
Fungicider påverkade mikrobiella nedbrytare genom att förändra svampbiomassan, 
svampsamhällets artsammansättning och den mikrobiella fettsyresammansättningen. 
Dessa strukturella effekter påverkade i sin tur den mikrobiella lövnedbrytningen. 
Effekterna var emellertid beroende av mikroorganismernas tidigare exponering av 
kemikalierna, där organismer som tidigare hade utsatts visade mindre negativa, eller till 
och med positiva, effekter vid exponering för fungicider. En sådan anpassning till 
kemisk stress hos mikrobiella nedbrytare observerades också på en större biogeografisk 
skala inom Europa, trots olika strukturella effekter på de enskilda studieplatserna. 
Dessutom orsakade fungicider indirekta effekter på detritivorer genom att minska 
lövmassans smaklighet och påverka detritivorernas födoval. Vidare ledde strukturella 
förändringar på den mikrobiella nivån till att lövförnans födokvalitet minskade för 
detritivorer. Vid födointag av lövförna med lägre kvalitet påverkades detritivorernas 
bearbetning av födan (konsumtion och utsöndring) och resulterade i lägre lipidhalt och 
tillväxt. Samma typ av påverkan hittades när detritivorer exponerades direkt via vatten, 
men där var effekterna ännu mer uttalade. Ingen av dessa effektvägar bör emellertid 
ignoreras med tanke på den additiva effekt de har på detritivorerna. 
Sammanfattningsvis kan risker för energiförsörjningen de lägre trofinivåerna i 
akvatiska näringsvävar förväntas ute i fält vid exponering för fungicider, eftersom 
effekter på nedbrytare och detritivorer observerades i naturen observerade 
koncentrationer. Koncentrationerna kan även förväntas öka i framtiden på grund av 
jordbrukets intensifiering. Detta är oroande, med tanke på den centrala roll detritivorer 
spelar vid överföring av energi från primärproducenter och lövförna till högre 
trofinivåer och den risk för dominoeffekter längs näringskedjan som kan följa en sådan 
störning. 
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If we’re gonna survive on this planet, we have to respect the rights of all those 
species to survive. ‘Cause we need them more than they need us.  
Tom Searle, Sam Carter, Alex Dean, Dan Searle  
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Mankind has profoundly altered the global environment by influencing land 
use, biogeochemical cycles, and biodiversity (Crutzen, 2002; Vitousek et al., 
1997), despite only being present on a minute geological time scale of Earth’s 
history (Lewis & Maslin, 2015; Zalasiewicz et al., 2011). The environmental 
conditions of rivers and streams, as well as their ecosystem structure and 
function, are impacted by a multitude of stressors such as water abstraction for 
irrigation (Malmqvist & Rundle, 2002), channelisation to facilitate drainage 
(Blann et al., 2009), increased suspended particle transport to surface waters 
(Bakker et al., 2008), and water pollution by pesticides and fertilisers (MEA - 
Millennium Ecosystem Assessment, 2005). These stressors result from 
agricultural land-use, which already covers one third of the world land area 
(Bringezu et al., 2014), and the associated land-use changes. Current human 
population growth, however, will lead to a doubling of the global food demand 
until 2050 (Godfray et al., 2010) and the necessary agricultural expansion will 
induce further changes in land-use, thus putting pressure on still unpolluted 
ecosystems (World Wildlife Fund - Australia, 2015; Laurance et al., 2014). Up 
to one billion hectares more of natural ecosystems is predicted to be converted 
to agriculture by 2050, which is accompanied by a 2.4- to 2.7-fold increase in 
fertiliser and pesticide (e.g. fungicide) contamination in these ecosystems 
(Tilman et al., 2001). In addition, the predicted global change in temperature 
and humidity patterns (Intergovernmental Panel on Climate Change, 2013) will 
allow plant-pathogenic fungi to advance to higher latitudes and further increase 
fungicide use in order to secure crop harvests (Fisher et al., 2012; Hakala et al., 
2011).  
In modern agriculture, the application of fungicides is seen as one of several 
essential measures to secure global food supply, since the proportion of crops 
lost to plant-pathogenic fungi could feed more than 8% of the world human 
population (Fisher et al., 2012; Strange & Scott, 2005). Fertiliser application, 




phosphorus, and potassium) necessary to improve crop yields (Roberts, 2009). 
During or following their application, however, fungicides and fertilisers 
simultaneously enter adjacent surface waters via, for instance, surface run-off 
(Ulén et al., 2012; Schulz, 2004; Sharpley et al., 2001). In addition, leaching of 
fertilisers from agricultural soils (Sebilo et al., 2013) contributes to their co-
occurrence with fungicides in surface waters. In the receiving streams, a large 
range of fungicides is commonly detected in mixtures (Fernández et al., 2015; 
Bereswill et al., 2012; Battaglin et al., 2011; Süss et al., 2006) due to the 
prophylactic treatment with up to 10 applications of different fungicides per 
growing season and the multitude of active ingredients used (>150 fungicide 
active ingredients approved for application in the EU; EC - European 
Commission, 2017). Ultimately, the exposure to chemical stressors, such as 
fungicides and fertilisers, contributes to shifts in aquatic community structure 
and ecosystem processes as for instance detritus decomposition (Fernández et 
al., 2015; Malaj et al., 2014; Schäfer, 2012). 
Small, low-order streams in forested catchments are strongly dependent on 
allochthonous organic material, particularly leaf litter, to supply local and 
downstream food webs with energy and nutrients (Webster, 2007; Wallace & 
Eggert, 1997). Although leaf litter itself offers a lower nutritional quality than 
autochthonous primary producers, this terrestrial subsidy fuels in-stream 
microbial respiration and is of central importance for invertebrate secondary 
production (Marcarelli et al., 2011). Before the leaf-litter-stored energy 
becomes available for the majority of aquatic organisms, it has to be processed 
by microbial decomposers and leaf-shredding, detritivorous macroinvertebrates 
(Fig. 1; Gessner et al., 2007; Cummins & Klug, 1979). In this process, 
microorganisms (especially the polyphyletic group of aquatic hyphomycetes; 
Gessner et al., 2007) fulfil two fundamental functions (Suberkropp & Klug, 
1976). On one hand, a substantial share of the microbial leaf litter 
decomposition is accomplished by aquatic hyphomycetes (Taylor & Chauvet, 
2014; Hieber & Gessner, 2002). On the other hand, the microbial colonisation 
conditions the leaf litter for leaf-shredding detritivores by increasing the 
leaves’ nutrient content (e.g. lipids and proteins) and degrading more 
recalcitrant leaf components (Bärlocher, 1985). Such transformations modify 
the low-nutritional leaves into a more palatable and nutritious food source for 
leaf-shredders (Graça et al., 1993a). By their processing of leaf litter, 
detritivores serve as a key link in detrital food webs as they produce fine 
particulate organic matter (faecal pellets and leaf fragments) that is used as a 






Figure 1. Conceptual scheme illustrating “horizontal” and “vertical” interactions in detrital food 
webs. The energy input includes allochthonous organic matter (OM) from the adjacent riparian 
vegetation. Dissolved and fine particulate organic matter (FPOM) originating from external 
sources and upstream reaches are excluded. Different functional groups of organisms contribute 
to the transfer of energy through the food web. Arrows represent the dominant processes and 
parameters that may be affected by stressors with effects on local and downstream aquatic 
communities. Continuous and dashed arrows indicate direct and indirect effect pathways, 
respectively (drawings from Bundschuh & Mckie, 2015; Feckler et al., 2015). 
 
At the same time, leaf-shredders are an important prey for aquatic and 
terrestrial predators (MacNeil et al., 1999). The bottom-up regulation of food 
webs in detritus-based stream ecosystems highlights the importance of 
decomposer-detritivore interactions for nutrient and energy cycling from local 
to larger scales (Wallace & Eggert, 1997). 
Anthropogenic stressors like fungicides and nutrients (i.e. fertilisers) can, 
however, affect the ecological integrity of microbial decomposers and 
detritivores (Fig. 1; e.g. Zubrod et al., 2017b; Hunting et al., 2016; Zubrod et 
al., 2015b; Zubrod et al., 2015c; Dimitrov et al., 2014). Fungicides are applied 
to suppress plant-pathogenic fungi, while non-target fungi such as aquatic 
hyphomycetes may be affected collaterally. Indeed, several recent studies 
under laboratory (Dimitrov et al., 2014; Flores et al., 2014; Artigas et al., 
2012; Bundschuh et al., 2011; Dijksterhuis et al., 2011; Zubrod et al., 2011) 
and field conditions (Fernández et al., 2015) have revealed adverse fungicide 
effects on the structure and function of aquatic hyphomycetes in the µg/L range 
when exposed through the water. By contrast, nutrient enrichment (in 
particular nitrate nitrogen (NO3-N); Fernandes et al., 2014) positively affects 
aquatic hyphomycetes’ structure and activity, and consequently stimulates 
microbial functioning (Ferreira & Chauvet, 2011; Gulis & Suberkropp, 2003). 
However, the extent of functional effects caused by structural changes may 
depend on the diversity of the undisturbed microbial community and the 
tolerance of species. According to the redundancy hypothesis, more diverse 






















communities with a low diversity (Naeem & Li, 1997). The redundancy 
hypothesis might be explained by the greater chance to find tolerant species in 
more diverse communities, which can compensate for the loss of more 
sensitive competitors (sampling effect; Huston, 1997). To put it differently, 
microbial communities with an exposure history to chemical pollutants might 
be more resistant to stressor(s) due to a previous replacement of sensitive 
species by more tolerant ones; a process called pollution-induced community 
tolerance (Blanck, 2002).  
In contrast to microbes, leaf-shredding detritivores can be affected by 
chemical stressors both via the water phase and via their food, whereas those 
pathways’ combination can be assumed as a realistic worst-case scenario (cf. 
Wilding & Maltby, 2006). Many fungicides target physiological processes that 
regulate energy production and cell division, which are not specific to fungi 
(Stenersen, 2004). Consequently, fungicides may affect a wide range of aquatic 
organisms (Maltby et al., 2009), including leaf-shredding detritivores. 
Functional effects on detritivores, for example a reduction in their feeding 
activity, have already been demonstrated for several species of the leaf-
shredding amphipod genus Gammarus, when exposed to individual fungicides 
and their mixtures directly through the water (e.g. Flores et al., 2014; Zubrod et 
al., 2014). Moreover, fungicides can affect leaf-shredders via their diet (Fig. 1). 
First, fungicides may cause toxic effects when sorbed to leaf material 
(Dimitrov et al., 2014) and thus are co-ingested during consumption, as 
reported for other pesticides (Bundschuh et al., 2013). Second, since fungicides 
can negatively affect fungal decomposers, the microbial conditioning process 
of leaves is hampered which consequently reduces their palatability and food 
quality for shredders (Bundschuh et al., 2011). Besides reductions in fungal 
biomass, aquatic hyphomycete community composition can also explain 
adverse effects on leaf-shredders due to their reported selective feeding 
(Bundschuh et al., 2011; Arsuffi & Suberkropp, 1989). Effects on leaf 
colonisation by bacteria and fungi can therefore indirectly affect the 
physiology and life history strategies of leaf-shredders with subsequent effects 




Our knowledge of fungicide effects on organisms and processes mediating 
leaf litter decomposition as well as effects on the trophic relationships at the 
base of the food web is still scarce, despite a growing number of studies over 
the past years. The primary objective of this thesis was therefore to contribute 
with additional knowledge on the eco(toxico)logical effects of fungicides on 
microbial decomposers and primary consumers. The synthesis of the current 
scientific knowledge on fungicide effects on microbial decomposers and leaf-
shredding detritivores in Paper I allowed me to identify several knowledge 
gaps. For example, few studies to date have investigated the influence of 
chemical stress exposure history on fungicide effects on leaf-associated 
microbial decomposers. Moreover, we are just beginning to understand the 
propagation of effects on microbes to higher trophic levels and how the 
strength of such indirect effects differs from waterborne fungicide toxicity to 
detritivores. These knowledge gaps were experimentally addressed in this 
thesis with the following underlying research questions: 
 
1. Does an exposure history to pesticides and nutrient enrichment 
influence structural and functional effects on decomposers? (Paper II) 
2. Does the response of decomposers from unpolluted streams to stress 
converge across biogeographical regions with time? (Paper III) 
3. Do environmentally relevant fungicide concentrations induce indirect 
bottom-up effects on key leaf-shredders by altering leaf litter-
associated microbial communities? (Paper IV) 
4. What is the relative importance of food-associated and waterborne 
fungicide exposure for leaf-shredding detritivores that exhibit a 
conjectured higher tolerance to nutrient stress? (Paper V) 
 






3.1 General design of the experimental studies 
 
In Paper II, I studied how a chemical stress exposure history can modulate 
waterborne toxicity of fungicides to decomposing microbes. The microbial 
inoculum (see part 3.2) used during the experiment originated from streams 
situated either in a forested catchment (=unpolluted) or one with a high share 
of agricultural land-use (step I in Fig. 2). Differences in the exposure history of 
the microbial communities were conjectured based on the differences in 
catchment land-use and in their pesticide and nutrient loads. Afterwards, this 
inoculum was applied to microbially colonise fresh leaf material under 
exposure to a fungicide mixture (azoxystrobin, carbendazim, cyprodinil, 
quinoxifen, and tebuconazole; Table 1) and various levels of nutrients for 21 
days in a full-factorial, semi-static design (n=6; step II in Fig. 2). The microbial 
leaf decomposition rate was quantified as a functional variable (Benfield, 
2007). To facilitate a mechanistic understanding of the observed functional 
effects, several structural variables were measured (step III in Fig. 2): leaf-
associated ergosterol content was quantified as a proxy for fungal biomass 
(Gessner, 2005) and the aquatic hyphomycete community composition was 
determined by their spore morphology (Fernandes et al., 2014; Bärlocher, 
1982).  
I hypothesised that fungicides affect microbial leaf decomposition rates, 
while nutrients compensate for these implications by stimulating microbial 
activity. In addition, the functional responses should be explained by structural 
alterations of the leaf-associated microbial community, namely changes in the 
aquatic hyphomycete community composition, number of released conidia, and 
fungal biomass. Finally, I hypothesised that the strength of the effects depends 
on the exposure history, with less pronounced effects after previous exposure 
in the field. 
 






Figure 2. Schematic illustration detailing the experimental design of Paper II: (I) pre-conditioning 
of fresh leaf material in streams situated either a forested (trees) or agriculturally used (cropland) 
catchment; (II) microbial colonisation of fresh leaf material with microbial inoculum originating 
from one of the pre-conditioning sites under exposure to a fungicide mixture and varying nutrient 
levels; (III) quantification of microbial leaf decomposition and analyses of leaf-associated 
microbes. NO3-N is reported as the nutrient with the highest effect on microbial leaf 
decomposition (Fernandes et al., 2014). 
 
In Paper III, we studied if the functional and structural responses of 
decomposing microbes to fungicides show a similar pattern across on a larger 
biogeographical scale (=convergence). Therefore, the study was conducted in 
the Central Plains (Denmark), the Western Highlands (Germany), and the 
Fenno-Scandian Shield (Sweden), over seven weeks following the same 
protocol. Briefly, three consecutive sets of leaf material were used 
corresponding to three microbial colonisation cycles (Fig. 3; depicted in 
distinct colours). The first leaf set was microbially colonised for 7 days in one 
unpolluted stream per region, upstream of any urban or agricultural influence 
(step I in Fig. 3). Afterwards, colonised leaves were directly introduced into the 
test system (n = 7 in Denmark and Germany; n = 6 in Sweden; step II in  
Fig. 3). The subsequent leaf sets were colonised by the leaf-associated 
microbial community present on the previous leaf sets (steps III and V in Fig. 
3). At the end of each colonisation cycle (i.e. at days 21, 35, and 49), microbial 
leaf decomposition was quantified as a functional variable, whereas structural 
changes were characterised by the community composition and sporulation of 
aquatic hyphomycetes (step IV in Fig. 3). With this setup, adaptations of the 
aquatic hyphomycete communities under fungicide stress were captured over 
the three consecutive colonisation cycles. Vegetative growth and reproduction 
21 
 
both contribute to aquatic hyphomycete community dynamics, where 
reproduction is typically triggered through resource (leaf) availability 
(Bärlocher, 1992). Our setup allowed us to track effects on reproduction since 
sporulation, as one pathway for the colonisation of new resources, is usually 
more sensitive to stress than vegetative growth (Lecerf & Chauvet, 2008). 
During the laboratory experiments, the microcosms were subjected to two 
treatments: a fungicide-free control and a fungicide mixture (metalaxyl, 
prothioconazole, pyrimethanil; Table 1). The fungicide mixture was applied in 
short-termed episodic peaks (2 days) mimicking the upper end of fungicide 
toxicity concentrations observed in a meta-analysis of global pesticide levels 
(i.e. sumTU-1; Schäfer et al., 2012). Peaks were interspersed with continuous 
exposures (12 days) at 10-fold lower fungicide concentrations (i.e. sumTU-2) 
to simulate pesticide drainage within catchments (Bundschuh et al., 2014; 
upper panel in Fig. 3). 
We hypothesised that fungicides should negatively affect microbial leaf 
decomposition, while these effects should be explained by changes in the 
aquatic hyphomycete sporulation and community composition. Moreover, we 
hypothesised that changes in the aquatic hyphomycete composition should lead 
to an adaptation of communities to fungicide stress enabling a stable or even 
increased leaf decomposition towards the end of the experiment.  
 
Figure 3. Schematic illustration detailing the experimental design of Paper III: (I) conditioning 
of the first leaf set in unpolluted streams; (II) introduction of the first leaf set into the test 
system; (III & V) conditioning of the second and third leaf set in the test system (7 days; 
overlapping bars) and retrieval of the first and second leaf set thereafter; (IV) quantification of 
leaf decomposition and cutting of leaf discs for analyses of leaf-associated microbes. Fungicides 
were applied as short-termed episodic peaks, interspersed with continuous exposures at 10-fold 


















In Paper IV, we studied the waterborne toxicity of fungicides to 
decomposing microbes and the effect propagation to leaf-shredding 
detritivores. Therefore, microbial inoculum originating from an unpolluted 
stream (step I in Fig. 4) was used to colonise leaf discs under control and 
treatment conditions, namely exposed to the fungicides used during Paper II, 
for 12 days (step II in Fig. 4). Afterwards, microbial decomposition as well as 
the palatability of leaf material for leaf-shredding detritivores were quantified. 
For the latter, the colonised leaf material was fed to the leaf-shredder 
Gammarus fossarum in a food choice experiment (cf. Bundschuh et al., 2011): 
one leaf disc each from one of the fungicide treatments and the control were 
simultaneously offered to the test organisms and Gammarus’ food choice was 
observed (n=49; step IV in Fig. 4). The same set of structural variables as 
described for Paper II was determined for a mechanistic understanding of the 
observed functional effects (n=7; step III in Fig. 4). In addition, leaf-associated 
bacterial abundance was assessed using epifluorescence microscopy (Büsing, 
2005).  
Moreover, the potential repellent effect of leaf-adsorbed fungicides on the 
food choice of Gammarus (Rasmussen et al., 2012; Hahn & Schulz, 2007) was 
studied following a similar experimental design. During these additional 
experiments, pre-conditioned but autoclaved leaf discs were used to prevent 
stimulating or repellent effects of the microbial community. The effect of leaf-
adsorbed fungicides on the food choice of G. fossarum was simulated for the 
lowest fungicide concentration for which a significant effect was found in the 
main experiment (or the highest concentration if no significant effect was 
found). For both types of experiments, fungicides were first tested individually 
and then as a mixture at a fixed concentration ratio (Jonker et al., 2011).  
We hypothesised that fungicides alter the structure of the leaf-associated 
microbial community, namely changing the aquatic hyphomycete community 
composition, fungal biomass and bacterial abundance. These structural changes 
were hypothesised to induce changes in the microbial leaf decomposition and 
the food choice of G. fossarum, given its selective feeding behaviour on fungi 
(Arsuffi & Suberkropp, 1989). Finally, leaf-adsorbed fungicides were 





Figure 4. Schematic illustration detailing the experimental design of Paper IV: (I) generating 
inoculum using a microbial community from an unpolluted stream; (II) conditioning of leaf discs 
in absence and presence of fungicides; (III) quantification of microbial leaf decomposition and 
analyses of leaf-associated microbes; (IV) food-choice experiment with G. fossarum (adapted after 
Zubrod et al., 2015c). 
 
In Paper V, I applied a full 2×2-factorial design (cf. Zubrod et al., 2015b) 
to disentangle the relative importance of the food-associated and the 
waterborne fungicide toxicity for leaf-shredding detritivores. The first factor 
was the absence or presence of a fungicide (epoxiconazole; Table 1) during the 
10 days of microbial colonisation of leaf material that was used as food during 
the experiment (step IV in Fig. 5). The second factor was the absence or 
presence of the same fungicide in the test medium during a 28-day experiment, 
where Asellus aquaticus was fed with the leaf material described beforehand 
(n=40; step VI in Fig. 5).  
A. aquaticus was chosen as test species for Paper V, since food-associated 
fungicide effects have only been studied for Gammarus species within the 
diverse functional group of shredders. Although the abundance of Gammarus 
can be high in undisturbed stream sections, abundance can be relatively low in 
streams affected by nutrient pollution (e.g. agricultural streams; Whitehurst, 
1991). In such impacted streams, A. aquaticus often becomes the predominant 
shredder and takes over the function typically attributed to Gammarus (Graça 
et al., 1993b).  
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Fungal biomass, bacterial abundance, the microbial fatty acid (FA)-profile 
(Arce Funck et al., 2015), and the capacity of leaf-associated microorganisms 
to metabolise different carbon (C)-substrates (using EcoPlatesTM; Maul et al., 
2006) were quantified to understand effects on microbial communities and the 
food quality of the leaf material for Asellus (step V in Fig. 5). Furthermore, the 
effects of the distinct pathways and their combination on Asellus were judged 
by its food processing behaviour (leaf consumption and excretion; e.g. Maltby 
et al., 2000) and the physiological fitness of Asellus in terms of growth, lipid 
content (Van Handel, 1985), and FA-profile (Lau et al., 2012).  
I hypothesised that epoxiconazole modifies the leaf-associated microbial 
community, in terms of changes in the fungal biomass, bacterial abundance, 
FA-profile, and metabolisation of different C-substrates. The structural 
changes in fungal biomass and the microbial FA-profile should ultimately 
affect the food processing behaviour and physiology of Asellus when feeding 
on the fungicide-affected leaf material. Additionally, I hypothesised direct 
effects of epoxiconazole on Asellus through the water phase. Based on the 
results of earlier studies (e.g. Zubrod et al., 2015b), I further assumed that the 





Figure 5. Schematic illustration detailing the experimental design of Paper V: (I) pre-conditioning 
of fresh leaf material in an unpolluted stream; (II) pre-conditioned and fresh leaf material kept in 
nutrient medium to generate microbial inoculum for the experiment; (III) cutting leaf strips from 
fresh leaf material and packing them into nylon fine-mesh bags; (IV) conditioning of leaf strips by 
microbial inoculum in absence and presence of epoxiconazole; (V) cutting of leaf discs used as 
food for the experiment and analyses of leaf-associated microbes; (VI) experiment to disentangle 
the relevance of food-associated and waterborne toxicity of epoxiconazole (Feckler et al., 2016). 
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3.2 Sources of leaf material, microbial decomposers and 
detritivores 
 
Senescent but undecomposed black alder leaves (Alnus glutinosa (L.) 
Gaertn.) were collected from trees near Landau, Germany (e.g. N 49°12'; E 
8°13'), during autumn and stored at -20 °C. Leaf material was packed into fine-
mesh leaf bags (0.5 mm mesh size) and deployed in streams to obtain leaf-
associated microbial communities. The complete descriptions of the sampling 
sites for microbial communities can be found in the individual papers. Bags 
were retrieved from the streams after 14 days (except for Paper III; see above) 
and the leaf material was carefully cleaned under running water to remove 
macroinvertebrates. Next, fresh (=unconditioned) leaf material was added and 
kept for another 14 days to generate inoculum that features microbial 
communities at various stages of colonisation (Gessner et al., 2003). The usage 
of diverse natural leaf-associated microbial communities was favoured over 
conducting experiments with a defined community of few aquatic 
hyphomycete species reared in the laboratory (e.g. Ferreira & Chauvet, 2011). 
By this procedure, all microbial species interactions (i.e. between fungi and 
bacteria) that may influence the structural and functional effects of fungicides 
in these communities were taken into account (Brandt et al., 2015). 
Two leaf-shredding detritivore species were used as model organisms. First, 
Asellus aquaticus (L.) (Crustacea: Isopoda; Paper V), sampled in a shallow 
pond in Uppsala, Sweden (N 59°48'; E 17°39'), was selected due to its 
conjectured higher tolerance to nutrient pollution than Gammarus (Whitehurst, 
1991), but well-documented sensitivity to pesticides (e.g. Bundschuh et al., 
2012; Beketov & Liess, 2008). Second, G. fossarum KOCH (Crustacea: 
Amphipoda; cryptic lineage B; Feckler et al., 2014; Paper IV), sampled at the 
Hainbach, Germany (49°14’N; 8°03’E), was used because of its key relevance 
in the process of leaf litter decomposition (Englert et al., 2013; Dangles et al., 
2004), its sensitivity to chemical stressors (e.g., Zubrod et al., 2014), and well-
documented food choice behaviour (Bundschuh et al., 2011; Arsuffi & 
Suberkropp, 1989). Leaf-shredders were sampled at least one week prior to the 












Nine current-use organic fungicides were selected that cover a broad range 
of modes of toxic action. Fungicides were either applied in the form of 
commercially available pesticide formulations or using analytical standards 
(Table 1). Furthermore, NO3-N and phosphate-phosphorus were used in 
nutrient additions in Paper II, since higher concentrations in surface waters are 
expected from future agriculture (Roberts, 2009). The nominal concentrations 
of fungicides and nutrients were validated using an ultrahigh-performance 
liquid chromatography-mass spectrometry system and an automated 
photometric analyser (both Thermo Fisher Scientific, Dreieich, Germany), 
respectively. Detailed descriptions of the methods are given in the respective 
papers.  
 
Table 1. Fungicides used during the present thesis with information on their respective chemical 
family, mode of toxic action, and papers of the thesis where the individual fungicides were used. 
Fungicide Applied 
product 
Chemical family Mode of toxic actiona Used in 
paper(s) 
Azoxystrobin Ortiva® Strobulins Mitochondrial 
respiration inhibitors 
II & IV 
Carbendazim Derosal© Benzimidazoles Mitosis and cell 
division inhibitors 
II & IV 
Cyprodinil Chorus® Anilinopyrimidines Amino acid and 
protein synthesis 
inhibitors 
II & IV 





Acylalanines  Fungal nucleic acid 
synthesis disruptors 
III 
Tebuconazole Folicur® Triazoles Sterol biosynthesis 
inhibitors 
II & IV 
Prothioconazole Analytical 
standard 










Quinoxyfen Fortress® 250 Quinolines Signal transduction 
perturbators 
II & IV 





3.4 Statistical analyses 
The open source statistical software R (versions 3.0.2 – 3.3.3 for Mac OS 
X; R Development Core Team, 2017), supplemented by the required add-on 
packages, was used to conduct all statistical analyses and prepare figures. The 
term “significant(ly)” is hereafter exclusively used in the sense of “statistical 
significance”. Comprehensive descriptions of the applied statistical methods 
can be found in the individual papers.  
Depending on the test design, either one- (Paper IV), two- (Papers III & V) 
or three-way ANOVAs (Paper II) were performed on univariate data (all 
variables with exception of the C-metabolisation, aquatic hyphomycete 
community composition and FA-profiles) to determine the significance of the 
assessed factors and their interplay. A graphical assessment of potential 
interactive effects of the applied chemicals was performed by multiple linear 
regressions that were visualised as two-dimensional surface plots displaying 
the fitted response values against a surface defined by the two stressors (Paper 
II; Feld et al., 2016). In addition, t-tests were performed if only two sets of data 
(control and one treatment) were compared. In cases of non-normality of 
residuals or homoscedasticity, Wilcoxon signed-rank tests and Kruskal−Wallis 
tests were applied as non-parametric alternatives (for all univariate analyses 
see Zar, 2010).  
Furthermore, several models (including lognormal, log-logistic, Weibull, 
Cedergreen-Ritz-Streibig, and Michaelis-Menten models) were fitted to the 
data to either assess the response of the microbial decomposition rate to the 
tested fungicide concentrations (Paper II) or to assess the microbial C-
metabolisation over time (Paper V). The models fitting the data best were 
selected by visual judgment and Akaike’s information criterion. Confidence 
interval testing (Wheeler et al., 2006) was used to assess significant differences 
in the microbial decomposition rate between the assessed communities (Paper 
II) or in the C-metabolisation between the control and the fungicide treatment 
(Paper V). Finally, the joint effects of the five fungicides applied during the 
mixture experiment (Paper IV) were judged by comparing the observed effect 
sizes to the predictions of the “independent action” model that assumes 
dissimilar modes of toxic action among the mixture components (Bliss, 1939). 
The applicability of the “independent action” model on the community level 
has been shown by Backhaus et al. (2004). 
For multivariate data on aquatic hyphomycete community composition and 
FA-profiles, shifts compared to the fungicide-free controls were identified 
using permutational multivariate analyses of variances (PERMANOVAs). 
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Non-metric multidimensional scaling (NMDS) ordination plots (Clarke, 1993) 
were prepared for a graphical interpretation of the observed shifts. Stress 
values were calculated as a measure of “goodness-of-fit” for NMDS, with 
values below 0.2 showing a reasonable fit of the ordination (Clarke, 1993). 
Alternatively (Paper III), redundancy analyses (RDAs) followed by 
permutational type III ANOVAs (Legendre et al., 2011) were conducted. 
The discussions of the individual papers are, however, not exclusively 
based on the significance of the results. The reason is that the application and 
interpretation of null hypothesis significance testing are heavily debated 
(Nakagawa & Cuthill, 2007). Null hypothesis significance testing does not 
determine the magnitude of an observed effect (i.e. the effect size) and thus 
may deflect attention from its biological relevance (European Food Safety 
Authority, 2011), while P-values and biological relevance are not necessarily 
linked (e.g. Burnham & Anderson, 2014; Nuzzo, 2014). Hence, a relative 
effect size that expresses the percentage change compared to the respective 
control treatment (Kaiser, 1989) is provided irrespective of significance 




4.1 The role of exposure history for structural and 
functional effects on decomposers (Paper II) 
 
As hypothesised, fungicide exposure affected microbial leaf decomposition, 
while the effect pattern was dependent on the microbial communities’ exposure 
history, as indicated by a significant two-way interaction between the factors 
“fungicide” and “exposure history” (P = 0.031). More specifically, exposure to 
≥ 60 µg fungicides/L impaired leaf decomposition by microbes from the 
unpolluted stream by 25% at the lowest nutrient level (Fig. 6a). 
 
Figure 6. Two-dimensional surface plots visualising the decomposition rates (kmicrobial) by 
previously (a) unpolluted and (b) exposed microbial communities against a surface defined by the 
total fungicide concentration and the NO3-N concentration (Feckler et al., in press). 
 
In the absence of fungicides, on the other hand, nutrient additions increased the 
decomposition by microbial communities from the unpolluted stream by 40% 
across the nutrient gradient (Fig. 6a). In contrast to the expectation, the positive 
response under nutrient enrichment did not compensate for the negative 
fungicide effects in previously unpolluted communities. Leaf decomposition 
was still reduced by ~30% upon fungicide exposure even at the highest nutrient 
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found for the previously exposed community, irrespectively of the fungicide 
concentration. In fact, the decomposition rate by the previously exposed 
community was even stimulated especially at low nutrient levels (~85% at the 
combination of 2.0 mg NO3-N/L and 600 µg fungicides/L; Fig. 6b). This 
increase in the functional response upon fungicide exposure is likely explained 
by the ability of microorganisms to adapt to pesticides and use them as an 
energy source (e.g. Krauss et al., 2011; Hodkinson & Dalton, 1973). Increased 
nutrient levels further stimulated the leaf decomposition by the previously 
exposed community, both in absence (~150%) and presence of fungicides (up 
to ~90%; Fig. 6b). 
The observed discrepancy in leaf decomposition response for the previously 
unpolluted and exposed communities may be due to distinct structural changes. 
The history of chemical stress exposure in the field likely allowed for an 
adaptation to fungicides and enriched nutrient levels in a way that tolerant 
aquatic hyphomycete species replaced sensitive competitors and maintained 
the communities’ function (cf. Blanck, 2002). This was supported by the 
observation that the aquatic hyphomycete community composition in controls 
from the previously exposed stream differed substantially from those from the 
unpolluted stream under nutrient enrichment. The former communities were 
dominated by Tetracladium marchalianum DE WILDEMAN and T. setigerum 
(GROVE) INGOLD, which were reported to withstand higher fungicide 
concentrations (e.g. Bundschuh et al., 2011) and decompose leaf litter at a 
higher rate (Andrade et al., 2016; Raviraja et al., 2006) than other 
hyphomycete species do. These structural differences are in line with the 
observed almost fourfold higher increase in the microbial leaf decomposition 
by the previously exposed than by the unpolluted community under high 
nutrient availability and suggest a structural adaptation to more eutrophic 
environments. Moreover, fungicide exposure significantly modified the aquatic 
hyphomycete composition in both communities (all comparisons P ≤ 0.045) 
accompanied by a reduction in species richness. The maintained function 
despite a lower diversity in the previously exposed community is likely 
triggered by the dominance of T. marchalianum and T. setigerum, which both 
could be proposed as functional drivers under stress. Besides, the mostly 
unaffected or increased fungal biomass of as well as the unaffected or only 
marginally reduced number of released conidia by the previously exposed 
community upon fungicide exposure might have led to increased microbial 
decomposition rates (Gessner & Chauvet, 1994). 
Although it is challenging to draw general conclusions based on a limited 
number of assessed communities, results suggest that a history of chemical 
stress exposure can modulate the effect strength, with previously exposed 
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microbial communities being adapted to fungicide stress and more eutrophic 
environments. This suggests the predicted global large-scale agricultural 
expansion with increasing uses of fertilisers and fungicides to cause adverse 
effects on the structure and function of previously unpolluted decomposer 
communities (Fisher et al., 2012; Hakala et al., 2011; Kattwinkel et al., 2011; 
Tilman et al., 2001). Moreover, a modification of fungal community structure 
may result in unpredictable bottom-up directed effects in stream food webs 
(Gonçalves et al., 2014), given leaf-shredders’ selective feeding on aquatic 
hyphomycetes (Arsuffi & Suberkropp, 1989). 
 
4.2 Stress response of decomposers across 
biogeographical regions (Paper III) 
 
In Paper III, we observed a convergent dynamic of functional stress 
response over time across the three biogeographical regions. During the first 
colonisation cycle, fungicide exposure reduced leaf decomposition 
significantly by up to some 50% compared to controls (P ≤ 0.033; Fig. 7).  
 
This negative effect of fungicides on leaf decomposition attenuated during the 
subsequent colonisation cycles and leaf decomposition approached that of the 
controls during the third cycle in all three regions. Although this temporal 
pattern was similar across the biogeographical regions, the effect sizes differed 
at the individual colonisation cycles. For instance, the effect size in Germany 
during the first colonisation cycle was two-fold higher than those observed in 
Denmark and Sweden. Moreover, leaf decomposition under fungicide exposure 
by the microbial communities originating from the German and Swedish 
 
Figure 7. Mean relative changes in decomposed leaf mass (in %; with 95% CIs) in the fungicide 
treatments compared to the respective controls (solid, horizontal lines; dashed lines indicate 
corresponding 95% CIs) for the different colonisation cycles (numbers on top; green, blue and 
orange refer to the first, second and third cycle, respectively). Asterisks denote significant 
differences to the respective control. 
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streams already increased during the second colonisation cycle and did not 
significantly differ from that in the controls (P ≥ 0.114). For the community 
from the Danish stream, however, this effect remained unchanged during the 
second colonisation cycle (P = 0.004).  
The observed initial adverse effects on litter decomposition seem to be a 
general response of previously unpolluted leaf-associated microbes to organic 
fungicides that supposedly affect the growth of aquatic hyphomycetes and 
impair leaf decomposition (Paper II; but see also Rasmussen et al., 2012). Our 
finding of higher leaf decomposition after three consecutive colonisation cycles 
(Fig. 7) suggests that the microbial communities had gradually adapted to 
fungicide stress and ultimately tended to recover to their initial functional 
performance. Thus, we speculate that a pollution-induced community tolerance 
was developed during the study (Paper II; but see also Gardeström et al., 
2016). Indeed, all hyphomycete communities showed shifts in their 
composition and species richness, but drivers partially differed among regions. 
For the microbial communities originating from the Danish and German 
streams, the structural response was mainly driven by the colonisation cycle 
with approximately 40% and 15% of explained variance, respectively (P = 
0.001; Fig. 8). In these regions, fungicide exposure only explained 3% and 6%, 
respectively, of the variation and was therefore only of minor importance for 
community composition (P ≥ 0.263). By contrast, for the microbial community 
from the Swedish stream, fungicide exposure was the main driver of the 
observed community changes with 21% explained variance (P = 0.001), and 
with only a minor impact (8%; P = 0.224) of the colonisation cycle. 
 
 
Figure 8. Aquatic hyphomycete compositions of the studied communities. Each point within the 
RDAs represents the community of one replicate. Replicates of each treatment are connected 
through lines. Due to technical difficulties, hyphomycete spore identification was not possible for 





Hyphomycete species richness showed similar tendencies in communities 
from the Danish and the Swedish stream, with an almost 50% decrease over 
the colonisation cycles in both the fungicide treatment and the control. This 
pattern may also apply to the communities from the German stream, but the 
lack of data from the first colonisation cycle hinders any definite interpretation. 
Nevertheless, the minor importance of fungicide exposure on the communities 
from the Danish and German streams is reflected by a relatively similar aquatic 
hyphomycete species richness and composition across treatments and 
colonisation cycles (Fig. 8). This suggests that aquatic hyphomycete species 
that were able to thrive under laboratory conditions also exhibited a higher 
tolerance to fungicide exposure and maintained decomposition. This induction 
of tolerance may also apply to the community from the Swedish stream in 
which the same few species were found in controls and fungicide treatments. 
However, reduced sporulation of the few aquatic hyphomycete species under 
fungicide exposure, despite an increase in leaf breakdown, prohibits a more 
definite interpretation, but explains fungicide exposure being the main driver 
for the detected structural responses (Fig. 8).  
Although it remains speculative to draw conclusions based on only a single 
stream per region, Paper III suggests that time is an important parameter when 
assessing convergences in ecosystem functioning across biogeographical 
scales. As shown here, non-convergence of effects at one point in time (second 
colonisation cycle) does not exclude convergence at a later stage (third 
colonisation cycle). Disregarding the temporal dynamics of effects may result 
in ill-founded management decisions regarding chemical stressor thresholds, 
which ultimately might result in species losses and impaired ecosystem 
services. Furthermore, while microbial systems have been used as model 
systems for eco-evolutionary processes and stress adaptations, the potential to 
translate the results to higher trophic levels driving important ecosystem 
functions (e.g. insects or vertebrates) remains open. First, community 
adaptations to stress at higher trophic levels are likely to occur over longer time 
periods due to longer generation cycles. Second, since the chemical stress load 
in surface waters is steadily increasing as a result of agricultural intensification, 
the time frame needed for adaptation may be exceeded causing exacerbating 
functional losses. 
 
4.3 Fungicide-induced indirect bottom-up effects on key 
leaf-shredders (Paper IV) 
 
Microbial leaf decomposition was – as hypothesised – significantly reduced 
by the fungicides azoxystrobin (~10%; 100 and 500 µg/L; P ≤ 0.011), 
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carbendazim (~10%; ≥ 245 µg/L; P < 0.001), and cyprodinil (~10%; ≥ 200 
µg/L; P ≤ 0.001) compared to controls. Given the reported differences of 
aquatic hyphomycetes’ decomposition rates (e.g. Andrade et al., 2016; 
Raviraja et al., 2006) changes in their community composition and therefore 
trait diversity may be seen as the driver for observed effects on decomposition 
(cf. results in Papers II & III).  
 
Figure 9. Non-metric multidimensional scaling (NMDS) ordination plots for the aquatic 
hypomycete communities associated with leaf material conditioned in the presence of (a) 
azoxystrobin, (b) carbendazim, (c) cyprodinil, (d) quinoxyfen, (e) tebuconazole, and (f) the 
fungicide mixture. Symbols of the individual samples and the colour scale of their group centroids 
indicate the fungicide treatments (from lowest to highest): circles/white (control), triangles/blue, 
crosses/orange, inverted triangles/red, and squares/black (adapted after Zubrod et al., 2015a). 
























































































All three fungicides altered fungal communities relative to the controls, with 
communities being significantly shifted at ≥ 20 µg azoxystrobin/L (P ≤ 0.032; 
all coloured group centroids in Fig. 9a) and at ≥ 35 µg carbendazim/L (P ≤ 
0.008; orange, red, and black group centroid in Fig. 9b). Furthermore, non-
significant alterations in the community composition at ≥ 40 µg cyprodinil/L 
(P ≥ 0.112; orange, red, and black group centroid in Fig. 9c) were accompanied 
by some 80% reductions in hyphomycete diversity (P ≤ 0.057), likely 
explaining the observed functional impairment. 
 
Figure 10. Mean or median (with 95% CI) fungal biomass (circles) and bacterial density 
(triangles), relative to the respective control, associated with leaf material conditioned in the 
presence of different concentrations of (a) azoxystrobin, (b) carbendazim, (c) cyprodinil, (d) 
quinoxyfen, (e) tebuconazole, and (f) the fungicide mixture. Asterisks denote statistically 





































































































































































































































By contrast, for quinoxyfen and tebuconazole no negative effects on 
microbial leaf decomposition were found. Interestingly, at 1 µg tebuconazole/L 
a 10% increase in leaf decomposition compared to the control was observed (P 
= 0.028), suggesting a hormetic effect (Calabrese & Baldwin, 2003). The 
observed 25% increase in fungal biomass at 1 µg tebuconazole/L (P = 0.073), 
which was likely caused by a decline in competitive pressure on fungi due to a 
45% reduced bacterial abundance (Fig. 10e), may have induced the higher leaf 
decomposition (Gessner & Chauvet, 1994). Although a 30% higher fungal 
biomass (P = 0.043) and 70% reduced bacterial abundance (P = 0.016) were 
consistent also at 5 µg tebuconazole/L, leaf decomposition at this concentration 
was similar to that of the control. We speculate that this observation may be 
explained by the ~25% higher reduction in bacterial abundance, given their 
contribution to leaf decomposition (Hieber & Gessner, 2002). However, also 
effects on fungal groups other than aquatic hyphomycetes, such as 
Chytridiomycota, Oomycota, and Zygomycota (cf. Manerkar et al., 2008; 
Nikolcheva & Bärlocher, 2004), which are likely involved in decomposition 
but not addressed in our study, may explain this observation. 
Besides fungicide-induced effects on microbial leaf decomposition, we 
observed an effect propagation to leaf-shredding detritivores. This propagation 
was observed by the significant preference of Gammarus for control over 
fungicide-exposed leaves at the highest concentrations of carbendazim, 
cyprodinil, quinoxyfen, and tebuconazole (P ≤ 0.005; Fig. 11b-e). Similar 
trends were found at lower concentrations of these fungicides and at the 
highest concentration of azoxystrobin (Fig. 11a). This suggests that all tested 
fungicides affected leaf palatability negatively. Fungicide exposure resulted in 
altered leaf-associated aquatic hyphomycete communities (Fig. 9) that – as 
hypothesised – might have triggered negative effects on the leaf palatability by 
favouring fungal species known to be rejected by Gammarus (cf. Arsuffi & 
Suberkropp, 1989; Bundschuh et al., 2011). However, quinoxyfen differed 
from this pattern, as no apparent microorganism-induced food choice of 
Gammarus was observed (Figs. 9d and 11d). Additionally, effect sizes 
observed during the fungicide-adsorption experiments were in good agreement 
with those observed for the same test concentrations in the main experiment for 
all tested fungicides (Fig. 11). Since the fungicide-adsorption experiments 
excluded microorganism-induced food choices, we propose a repellent effect 
of leaf-adsorbed fungicides as the predominant driver for the observed feeding 





Figure 11. Mean or median relative consumption (with 95% CI) by Gammarus fossarum on leaf 
discs microbially colonised under control conditions (white bars) or exposed to different 
concentrations of (a) azoxystrobin, (b) carbendazim, (c) cyprodinil, (d) quinoxyfen, (e) 
tebuconazole, and (f) the fungicide mixture (hatched bars). “Adsorbed” refers to the additional 
experiments that addressed the potential repellent effect of leaf-adsorbed fungicides. Asterisks 
denote statistically significant differences to the respective controls. While 100% is the total leaf 
consumption in a food choice experiment, the horizontal line indicates the no-effect level (i.e. 
50% consumption on both types of leaf discs; adapted after Zubrod et al., 2015a). 
 
Apart from effects provoked by the individual fungicides, their mixture also 
caused both structural and functional effects on microbial decomposers. The 
lowest mixture concentration (6 µg/L), which contained all five individually 
tested fungicides, already caused some 30% reductions in fungal species 
richness (P = 0.040) and bacterial abundance (P = 0.044; Fig. 9f). Despite this, 
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and 11f) were lower than predicted by the model “independent action” (Table 
2). A positive effect by quinoxyfen on aquatic hyphomycetes, indicated by the 
unexpected quinoxyfen-induced ≥ 30% increase in leaf-associated fungal 
biomass (P ≤ 0.028; Fig. 10d), might be a plausible explanation for the 
discrepancy between predicted and observed effect sizes for microbial leaf 
decomposition (Table 2). This may be related to the ability of some fungal 
species to degrade and utilise xenobiotics as a source of energy (e.g. Krauss et 
al., 2011; Hodkinson & Dalton, 1973). Additionally, leaf-associated fungi may 
have benefitted from the potentially reduced competitive pressure from 
bacteria caused by tebuconazole (Fig. 10e). Consequently, detoxification by 
aquatic hyphomycetes may to some extent have counteracted the adverse 
effects of the remaining fungicides in the mixture (cf. Solé et al., 2012). Such 
investments would have lowered the energy available for biomass accrual and 
could therefore explain the absence of the expected increase in fungal biomass 
(Fig. 10f; Table 2). 
Table 2. Excerpt from the comparison of predicted (according to “independent action”) and 
observed effect sizes (percentage reduction compared to control; Zubrod et al., 2015a). 
Agreement between prediction and observation was assumed, when the prediction was within the 







Observation (mean or 






6 32.7 5.6 (-28.3 to 38.6) Agreement 
60 48.2 -0.9 (-41.3 to 43.5) Lower 
600 74.1 29.0 (5.7 to 53.7) Lower 
 3,000 87.8 34.5 (-22.0 to 92.8) Agreement 
Microbial leaf 
decomposition 
6 -8.2 -3.9 (-8.3 to 0.5) Agreement 
60 1.3 -0.1 (-5.1 to 4.8) Agreement 
 600 19.1 5.6 (1.1 to 10.2) Lower 
 3,000 32.2 12.1 (7.6 to 16.7) Lower 
Bacterial density 6 30.6 34.2 (2.9 to 56.8) Agreement 
60 65.3 11.8 (-27.2 to 43.6) Lower 
 600 74.2 2.3 (-48.6 to 21.8) Lower 
 3,000 53.2 -4.6 (-225.9 to 25.7) Lower 
Fungal biomass 6 -156.9 9.6 (-34.8 to 27.1) Lower 
 60 -205.0 24.9 (0.8 to 35.0) Reversed direction 
 600 -39.9 42.4 (22.4 to 56.1) Reversed direction 




In conclusion, our findings show that fungicides induced both structural and 
functional effects in microbial communities. However, in contrast to our 
hypothesis, the alterations in aquatic hyphomycete communities likely did not 
affect the food choice of Gammarus (cf. conclusion of Paper II). Our 
absorbance experiments show that rather leaf-adsorbed fungicides had a 
repellent effect on Gammarus, resulting in lower feeding rates on fungicide-
exposed leaf discs. Nevertheless, the alterations in aquatic hyphomycete 
communities and their biomasses may still lead to bottom-up effects on the 
physiological status of shredders, when they feed on fungicide-exposed leaf 
material over the long term while no alternative food is present. These effects 
may be corroborated by direct toxic effects of co-ingested fungicides and other 
leaf-adsorbed chemical stressors. 
 
4.4 The relative importance of food-associated and 
waterborne fungicide exposure for leaf-shredders 
(Paper V) 
 
As expected, the presence of epoxiconazole during microbial conditioning 
of leaves induced alterations in the leaf-associated microbial community. 
Fungal biomass was significantly reduced by approximately 25% compared to 
the control (P = 0.033). Also, bacterial abundance was slightly, albeit not 
significantly reduced by 15% (P = 0.268) upon epoxiconazole exposure. 
Besides effects on structural sum parameters of microbes, we found alterations 
in microbial metabolisation of C-substrates and shifts in microbial FA-profiles, 
which are indicators of changes in the microbial community composition. 
Metabolisation of all C-substrates was almost consistently higher in the 
fungicide treatment than in the control (Fig. 12). In other words, the number of 
utilised C-substrates was higher for epoxiconazole-exposed communities than 
for those in the control (P = 0.011). This pattern of higher C-metabolisation 
was likely caused by an epoxiconazole-induced community shift of microbes 
favouring generalists (Duarte et al., 2008; Ratcliff et al., 2006).  
Also the observed epoxiconazole-induced difference in the microbial FA-
profile indicates alterations in the aquatic hyphomycete community, given the 
reported differences in FA-profiles among individual aquatic hyphomycete 
species (Arce Funck et al., 2015). Epoxiconazole-exposure did neither 
significantly affect the overall FA-profile of microbial communities (P = 
0.279) nor the essential polyunsaturated FAs (PUFAs) and their derivatives (P 
= 0.383; including a-linolenic acid, arachidonic acid, docosahexaenoic acid, 




Figure 12. Time-series of absorbance measurements for the six carbon guilds metabolised by 
microbes on EcoPlatesTM over the incubation period of 96 h (n = 24). Bars represent standard 
errors around medians (black squares). Control and epoxiconazole treatment are displayed in blue 
and red, respectively, with asterisks indicating significant differences between them (adapted after 
Feckler et al., 2016). 
 
However, fungicide-treated leaf material showed a 50% higher relative share of 
arachidonic acid (P = 0.025) and of eicosapentaenoic acid (P = 0.037) than that 
of the control. Accordingly, fungicide-induced effects on the leaf-associated 
microbial FA-profile were reported by Zubrod et al. (2017b), where the 
observed difference was primarily caused by altered contents of linolenic acid, 
a-linolenic acid, and eicosapentaenoic acid. These indicators of community 
shifts are underpinned by an up to eight-fold higher toxicity of epoxiconazole 
to aquatic fungi compared to tebuconazole (Dijksterhuis et al., 2011) and the 
observed effects on aquatic hyphomycete composition at slightly higher 
tebuconazole concentrations (Paper IV). 
Asellus’ leaf consumption and excretion within each treatment were jointly 
interpreted as a proxy for the assimilation of ingested energy (difference 
between consumption and excretion), although this approach ignored 
respiration of test organisms (cf. Graça et al., 1993a). When feeding on 
fungicide-treated leaf material (i.e. affected via the indirect pathway), Asellus 
showed a slightly increased leaf consumption (~5%; P = 0.591) and reduced 
excretion (~20%; P = 0.118). Although these individual results were not 
significant, they may indicate a biologically relevant increase of 25% in energy 
assimilation compared to the control. Asellus exposed directly through the 













































































































their excretion by ~10% (P = 0.357) suggesting a slightly increased 
assimilation of the ingested energy (~5%). An increased assimilation may point 
to an enhanced energy utilisation, particularly when feeding on fungicide-
treated leaf material (~25% higher assimilation), implying Asellus builds up 
higher energy reserves (=lipids) and/or grows faster. However, Asellus’ growth 
during the experiment was some 30% lower when feeding on fungicide-treated 
leaf material (P = 0.262) and some 40% lower when directly exposed through 
the water phase (P = 0.116; Fig. 13a) than in the control. Although these 
measurements showed high variability (Fig. 13a) and results were not 
significant, a 30-40% reduction in growth can still be seen as biologically 
relevant. Asellus’ overall lipid content was also marginally lower when feeding 
on fungicide-treated leaf material (~10%; P = 0.447) and directly exposed 
through the water phase (~20%; P = 0.030; Fig. 13b) than in the control. The 
realistic worst-case (combined) scenario in our experiment, during which 
Asellus fed on fungicide-treated leaf material while exposed to the fungicide 
through the water, resulted in an additive action between the two pathways. 
Energy assimilation was unaffected because of some 15% reductions in both 
the consumption and excretion compared to the control. However, the growth 
and lipid content of Asellus were 45% and 30%, respectively, lower in the 
combined scenario than in the control (Fig. 13a&b). This suggests an increased 
energy expenditure under toxic stress due to detoxification (Maltby, 1999) 
when exposed directly or due to co-ingestion of leaf-adsorbed epoxiconazole.  
 
  
Figure 13. Mean (with 95% CI) growth (a) and lipid content (b) of A. aquaticus subjected for 28 
days to four treatments: the control (epoxiconazole-free), the indirect (diet-related effects), the 
direct (waterborne toxicity), and the combined exposure scenario. The solid, horizontal line in 
Fig. 13b indicates the mean initial lipid content of A. aquaticus (with 95% CI; indicated by 





























































Finally, the ~25% reduced fungal biomass associated with leaf material 
conditioned in the presence of fungicides likely provided a lower food quality 
for Asellus. This suggestion is based on the nutritional value of microbial cells, 
which is 4 to 10 times higher than that of unconditioned leaf material 
(Bärlocher & Kendrick, 1975), and the high contribution of fungi to the 
microbial biomass on decaying leaves (Gessner et al., 2007). 
Asellus’ FA-profiles differed between the control and the indirect (P = 
0.039) and the direct pathway (P = 0.014) as well as the combined scenario (P 
= 0.003), which could provide a mechanistic interpretation of the effects on 
Asellus’ physiology. On one hand, individual saturated FAs showed an up to 
~60% reduction or almost depletion likely suggesting their usage for catabolic 
processes (as reviewed in Tocher, 2003). On the other hand, oxidative stress-
related peroxidation that results in degradation of unsaturated FAs (as reviewed 
in Halliwell & Gutteridge, 1984) could explain the observed negative trend for 
some monounsaturated FAs and PUFAs (including arachidonic acid and 
eicosapentaenoic acid). Given the fundamental role especially of these PUFAs 
for invertebrate growth and maintenance (Parrish, 2009), such effects on the 
FA-profile may explain the lower lipid content and growth of Asellus affected 
by epoxiconazole.  
In conclusion, waterborne effects on Asellus were generally stronger than 
the diet-related counterparts. Nevertheless, both pathways are of biological 
relevance from a food web perspective. This is because of the sorption of many 
pesticides on organic matter (such as leaf material) in surface waters (sensu 
Weber, 1972) and consequently their dietary uptake during consumption and 
effects on the microbial community (cf. conclusion of Paper IV). Ignoring the 
less pronounced indirect pathway may thus result in an underestimation of 
effects on the function and physiology of leaf-shredders.  
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5 Conclusions and future perspectives 
This thesis is based on a series of experimental studies of aquatic microbial 
decomposers and primary consumers (i.e. leaf-shredding detritivores) 
mediating leaf litter decomposition in detritus-based food webs. This setting 
allowed me to quantify fungicide effects on ecosystem processes performed by 
these organism groups as well as their interaction. Overall, our studies show 
that fungicides at field-relevant concentrations can provoke detrimental effects 
in the structure and function of both decomposers and detritivores (Papers II-
V). From these results, we conclude that effect sizes may increase in the future 
due to predicted higher fungicide concentrations resulting from agricultural 
intensification. This indicates consequences for the energy flow in detritus-
based food webs due to their strong bottom-up regulation. The observed 
fungicide-induced reduction in leaf decomposition by previously non-exposed 
decomposer communities and detritivores (Papers II-V) limits the availability 
of leaf-bound energy for the remaining food web or slow down energy 
metabolism. Although our results suggest that fungicide effects on 
decomposers were buffered through the development of a pollution-induced 
community tolerance (Papers II & III), the associated community shifts and 
biodiversity loss might limit the communities’ plasticity to respond to 
additional stresses. Moreover, detritivores’ faeces constitute a high-quality 
food source in aquatic ecosystems (Fig. 1). The observed reduction in faeces 
production by detritivores when feeding on leaf material of lower quality or 
being exposed to fungicides through the water (Paper V) therefore suggests 
effects on the food availability for collecting invertebrates. Finally, the 
impairments in the overall lipid content and growth of Asellus (Paper V) could 
ultimately have consequences for food webs, as detritivores such as Asellus 
represent a key prey for various aquatic and terrestrial predators. 
The fungicide use in existing agricultural areas should therefore be reduced. 
This could, for example, be accomplished by promoting alternative cultivation 
methods such as “precision farming” that accounts for the variability and 
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uncertainties within agricultural systems and allows for a more sustainable 
agricultural production (Gebbers & Adamchuk, 2010). In addition, edge-of-
field buffer strips (Reichenberger et al., 2007), vegetative drainage ditches 
(Bennett et al., 2005) and constructed wetlands (Schulz & Peall, 2001) could 
help to minimise pesticide leakage to aquatic ecosystems. Moreover, 
agricultural expansion into currently unpolluted areas should be restrained by, 
for example, producing food more efficiently, reducing food waste, and 
optimizing the resiliency of agriculture and food production (Laurance et al., 
2014). These innovative approaches would ultimately help to safeguard the 
integrity of ecological processes delivered by microbial decomposers and 
detritivores. 
 
This thesis work identified several knowledge gaps that are relevant for 
future research. As pointed out in Paper IV, several fungal and fungal-like 
groups of organisms such as Chytridiomycota, Oomycota, and Zygomycota are 
suggested to contribute to leaf decomposition (cf. Manerkar et al., 2008; 
Nikolcheva & Bärlocher, 2004). These organism groups are typically not 
addressed in leaf litter decomposition research, either because they are hard to 
identify using microscopic techniques or do not produce ergosterol. 
Incorporating these groups of organisms into experimental schemes, as applied 
during the present thesis, should foster a better understanding of stressor-
induced effects in decomposer communities. Identification of these groups can 
be achieved by integrating molecular biological methods such as next-
generation sequencing (Lindahl et al., 2013) in combination with species-
specific quantitative real-time polymerase chain reaction (qPCR; Feckler et al., 
2017). This approach provides a better resolution of the community 
composition and performance on individual decomposer species than 
traditional methods (spore counts and ergosterol) do. The use of qPCR will 
especially help to develop a better understanding of individual fungal species’ 
contribution to leaf decomposition under stress as the biomass for each species 
can be quantified accurately. This knowledge will also better elucidate the 
linkages between fungal diversity and ecological functions under chemical 
stress.  
Furthermore, a combined approach of experimental procedures such as 
those applied during the present thesis as well as qPCR might result in a better 
mechanistic understanding of trophic relationships between shredders and leaf-
associated fungal species (Arsuffi & Suberkropp, 1989). Previous studies on 
the effect of chemical stressors on the food choice of leaf-shredders (Zubrod et 
al., 2015a; Bundschuh et al., 2011; Bundschuh et al., 2009) were limited in 
their explanatory power, because interpretations were based on spore counts, 
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which does not necessarily correlate with the biomass of the respective aquatic 
hyphomycete species (Bermingham et al., 1997). Applying qPCR could 
provide deeper insights into leaf-shredders’ food preferences by estimates of 
single-species biomasses linked to prior knowledge of preferred fungal species. 
Other important knowledge gaps are the effects caused by chemical 
stressors’ adsorption to leaf litter, their co-ingestion during feeding and 
subsequent effects on detritivores, given the observed effects during this thesis 
(but see also Zubrod et al., 2015b; Dimitrov et al., 2014; Bundschuh et al., 
2013). Toxicokinetic-toxicodynamic modelling (e.g. Ashauer et al., 2011) that 
encompasses the uptake, distribution and effects of chemical stressors could 
help to better understand implications on individual organisms and extrapolate 
these to the population level. 
Also, the interaction of press and pulse disturbances in multiple-stressor 
scenarios is, to date, not well studied (but see e.g. Salo et al., in press; Zubrod 
et al., 2017a). On one hand, stream-inhabiting organisms are subjected to 
constant-press disturbances such as micropollutants in wastewater treatment 
plant effluents (Gago-Ferrero et al., 2017). On the other hand, pulse 
disturbances such as short-termed pesticide run-off from agricultural fields 
(Schulz, 2014) and heat waves as a consequence of climate warming (Kirtman 
et al., 2013) can put additional stress on organisms already exposed to 
micropollutants. Therefore, assessing the plasticity and resilience of 
decomposer communities and detritivore populations in multiple-stress 
scenarios should be an interesting topic for future research. However, 
predicting the response of organisms in multiple-stress scenarios is 
problematic, as the individual stressors may not only show an additive 
interplay, but can interact with each other and result in synergistic or 
antagonistic effects (Folt et al., 1999). Moreover, some stress effects possibly 
manifest after a lag time due to delayed effects on individuals (Stoks & 
Córdoba-Aguilar, 2012) or trans-generational effects (e.g. Li et al., 2016). It 
therefore seems crucial to understand the resilience of decomposer 
communities and detritivore populations under multiple-stress scenarios to 
ultimately safeguard the functional integrity of detrital food webs. 
A final research perspective is to gain better insight in fungicide effects in 
the field (e.g. Fernández et al., 2015), by simulating more environmentally 
realistic scenarios under laboratory conditions. This could include the testing of 
higher levels of biological organisation such as detritivore communities 
consisting of species exhibiting differing sensitivities to chemical stressors and 
a gradient of functional traits. The latter seems especially important, as 
detritivores’ functional composition and diversity, in terms of functional 
dispersion and identity, strongly affects leaf litter decomposition through 
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functional complementarity and trait-dependent effects (Frainer & McKie, 
2015). Such an approach may ultimately help to unravel the discrepancies in 
fungicide effects on detritivores observed in laboratory studies (as conducted in 




Andrade, R., Pascoal, C. & Cássio, F. (2016). Effects of inter and intraspecific diversity and genetic 
divergence of aquatic fungal communities on leaf litter decomposition—a microcosm experiment. 
FEMS Microbiology Ecology, 92(7), fiw102. 
Arce Funck, J., Bec, A., Perrière, F., Felten, V. & Danger, M. (2015). Aquatic hyphomycetes: a 
potential source of polyunsaturated fatty acids in detritus-based stream food webs. Fungal Ecology, 
13, pp. 205-210. 
Arsuffi, T.L. & Suberkropp, K. (1989). Selective feeding by shredders on leaf-colonizing stream fungi: 
comparison of macroinvertebrate taxa. Oecologia, 79(1), pp. 30-37. 
Artigas, J., Majerholc, J., Foulquier, A., Margoum, C., Volat, B., Neyra, M. & Pesce, S. (2012). Effects 
of the fungicide tebuconazole on microbial capacities for litter breakdown in streams. Aquatic 
Toxicology, 122, pp. 197-205. 
Ashauer, R., Agatz, A., Albert, C., Ducrot, V., Galic, N., Hendriks, J., Jager, T., Kretschmann, A., 
O'Connor, I., Rubach, M.N., Nyman, A.-M., Schmitt, W., Stadnicka, J., van den Brink, P.J. & 
Preuss, T.G. (2011). Toxicokinetic-toxicodynamic modeling of quantal and graded sublethal 
endpoints: a brief discussion of concepts. Environmental Toxicology and Chemistry, 30(11), pp. 
2519-2524. 
Backhaus, T., Arrhenius, A. & Blanck, H. (2004). Toxicity of a mixture of dissimilarly acting 
substances to natural algal communities: predictive power and limitations of independent action 
and concentration addition. Environmental Science and Technology, 38, p. 6363−6370. 
Bakker, M.M., Govers, G., van Doorn, A., Quetier, F., Chouvardas, D. & Rounsevell, M. (2008). The 
response of soil erosion and sediment export to land-use change in four areas of Europe: the 
importance of landscape pattern. Geomorphology, 98(3), pp. 213-226. 
Bärlocher, F. (1982). Conidium production from leaves and needles in four streams. Canadian Journal 
of Botany, 60(8), pp. 1487-1494. 
Bärlocher, F. (1985). The role of fungi in the nutrition of stream invertebrates. Botanical Journal of the 
Linnean Society, 91(1-2), pp. 83-94. 
Bärlocher, F. (1992). The Ecology of Aquatic Hyphomycetes: Springer Science & Business Media. 
Bärlocher, F. & Kendrick, B. (1975). Assimilation efficiency of Gammarus pseudolimnaeus 




Battaglin, W.A., Sandstrom, M.W., Kuivila, K.M., Kolpin, D.W. & Meyer, M.T. (2011). Occurrence of 
azoxystrobin, propiconazole, and selected other fungicides in US streams, 2005–2006. Water, Air, 
& Soil Pollution, 218(1), pp. 307-322. 
Beketov, M.A. & Liess, M. (2008). Acute and delayed effects of the neonicotinoid insecticide 
thiacloprid on seven freshwater arthropods. Environmental Toxicology and Chemistry, 27(2), pp. 
461-470. 
Benfield, E. (2007). Decomposition of leaf material. In: Hauer, F. & Lamberti, G. (eds) Methods in 
Stream Ecology. San Diego: Academic Press, pp. 711-721. 
Bennett, E.R., Moore, M.T., Cooper, C.M., Smith, S., Shields, F.D., Drouillard, K.G. & Schulz, R. 
(2005). Vegetated agricultural drainage ditches for the mitigation of pyrethroid-associated runoff. 
Environmental Toxicology and Chemistry, 24(9), pp. 2121-2127. 
Bereswill, R., Golla, B., Streloke, M. & Schulz, R. (2012). Entry and toxicity of organic pesticides and 
copper in vineyard streams: erosion rills jeopardise the efficiency of riparian buffer strips. 
Agriculture Ecosystems & Environment, 146, pp. 81-92. 
Bermingham, S., Maltby, L. & Dewey, F.M. (1997). Use of immunoassays for the study of natural 
assemblages of aquatic hyphomycetes. Microbial Ecology, 33(3), pp. 223-229. 
Blanck, H. (2002). A critical review of procedures and approaches used for assessing pollution-induced 
community tolerance (PICT) in biotic communities. Human and Ecological Risk Assessment, 8(5), 
pp. 1003-1034. 
Blann, K.L., Anderson, J.L., Sands, G.R. & Vondracek, B. (2009). Effects of agricultural drainage on 
aquatic ecosystems: a review. Critical Reviews in Environmental Science and Technology, 39(11), 
pp. 909-1001. 
Bliss, C.I. (1939). The toxicity of poisons applied jointly. Annals of Applied Biology, 26, p. 585−615. 
Brandt, K.K., Amézquita, A., Backhaus, T., Boxall, A., Coors, A., Heberer, T., Lawrence, J.R., 
Lazorchak, J., Schönfeld, J., Snape, J.R., Zhu, Y.-G. & Topp, E. (2015). Ecotoxicological 
assessment of antibiotics: a call for improved consideration of microorganisms. Environment 
International, 85, pp. 189-205. 
Bringezu, S., Schütz, H., Pengue, W., O'Brien, M., Garcia, F., Sims, R., Howarth, R.W., Kauppi, L., 
Swilling, M. & Herrick, J. (2014). Assessing global land use: balancing consumption with 
sustainable supply. A report of the working group on land and soils of the international resource 
panel. Nairobi: UNEP. 
Bundschuh, M., Appeltauer, A., Dabrunz, A. & Schulz, R. (2012). Combined effect of invertebrate 
predation and sublethal pesticide exposure on the behavior and survival of Asellus aquaticus 
(Crustacea; Isopoda). Archives of Environmental Contamination and Toxicology, 63(1), pp. 77-85. 
Bundschuh, M., Goedkoop, W. & Kreuger, J. (2014). Evaluation of pesticide monitoring strategies in 
agricultural streams based on the toxic-unit concept — Experiences from long-term measurements. 
Science of the Total Environment, 484, pp. 84-91. 
Bundschuh, M., Hahn, T., Gessner, M.O. & Schulz, R. (2009). Antibiotics as a chemical stressor 
affecting an aquatic decomposer-detritivore system. Environmental Toxicology and Chemistry, 
28(1), pp. 197-203. 
49 
 
Bundschuh, M. & Mckie, B.G. (2015). An ecological and ecotoxicological perspective on fine 
particulate organic matter in streams. Freshwater Biology, 61(12), pp. 2063-2074. 
Bundschuh, M., Zubrod, J.P., Klemm, P., Elsaesser, D., Stang, C. & Schulz, R. (2013). Effects of peak 
exposure scenarios on Gammarus fossarum using field relevant pesticide mixtures. Ecotoxicology 
and Environmental Safety, 95, pp. 137-143. 
Bundschuh, M., Zubrod, J.P., Kosol, S., Maltby, L., Stang, C., Duester, L. & Schulz, R. (2011). Fungal 
composition on leaves explains pollutant-mediated indirect effects on amphipod feeding. Aquatic 
Toxicology, 104(1–2), pp. 32-37. 
Burnham, K.P. & Anderson, D.R. (2014). P values are only an index to evidence: 20th- vs. 21st-century 
statistical science. Ecology, 95(3), pp. 627-630. 
Büsing, N. (2005). Bacterial counts and biomass determination by epifluorescence microscopy. In: 
Graça, M.A.S., Bärlocher, F. & Gessner, M.O. (eds) Methods to study litter decomposition. 
Dordrecht, Netherlands: Springer, pp. 203-208. 
Calabrese, E.J. & Baldwin, L.A. (2003). Toxicology rethinks its central belief. Nature, 421(6924), pp. 
691-692. 
Clarke, K.R. (1993). Non-parametric multivariate analyses of changes in community structure. 
Australian Journal of Ecology, 18(1), pp. 117-143. 
Crutzen, P.J. (2002). Geology of mankind. Nature, 415(6867), pp. 23-23. 
Cummins, K.W. & Klug, M.J. (1979). Feeding ecology of stream invertebrates. Annual Review of 
Ecology and Systematics, 10, pp. 147-172. 
Dangles, O., Gessner, M.O., Guerold, F. & Chauvet, E. (2004). Impacts of stream acidification on litter 
breakdown: implications for assessing ecosystem functioning. Journal of Applied Ecology, 41(2), 
pp. 365-378. 
Dijksterhuis, J., Doorn, T., Samson, R. & Postma, J. (2011). Effects of seven fungicides on non-target 
aquatic fungi. Water, Air, & Soil Pollution, 222(1-4), pp. 421-425. 
Dimitrov, M.R., Kosol, S., Smidt, H., Buijse, L., Van den Brink, P.J., Van Wijngaarden, R.P.A., Brock, 
T.C.M. & Maltby, L. (2014). Assessing effects of the fungicide tebuconazole to heterotrophic 
microbes in aquatic microcosms. Science of the Total Environment, 490, pp. 1002-1011. 
Duarte, S., Pascoal, C., Alves, A., Correia, A. & Cássio, F. (2008). Copper and zinc mixtures induce 
shifts in microbial communities and reduce leaf litter decomposition in streams. Freshwater 
Biology, 53(1), pp. 91-101. 
EC - European Commission EU Pesticide database. Available at: 
http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/ 
Englert, D., Zubrod, J.P., Schulz, R. & Bundschuh, M. (2013). Effects of municipal wastewater on 
aquatic ecosystem structure and function in the receiving stream. Science of the Total Environment, 
454, pp. 401-410. 
European Food Safety Authority (2011). Statistical significance and biological relevance. EFSA 
Journal, 9, p. 2372. 
50 
 
Feckler, A., Goedkoop, W., Konschak, M., Bundschuh, R., Kenngott, K.G., Schulz, R., Zubrod, J.P. & 
Bundschuh, M. (in press). History matters: heterotrophic microbial community structure and 
function adapt to multiple stressors. Global Change Biology. 
Feckler, A., Goedkoop, W., Zubrod, J.P., Schulz, R. & Bundschuh, M. (2016). Exposure pathway-
dependent effects of the fungicide epoxiconazole on a decomposer-detritivore system. Science of 
the Total Environment, 571, pp. 992-1000. 
Feckler, A., Kahlert, M. & Bundschuh, M. (2015). Impacts of contaminants on the ecological role of 
lotic biofilms. Bulletin of environmental contamination and toxicology, 95(4), pp. 421-427. 
Feckler, A., Schrimpf, A., Bundschuh, M., Bärlocher, F., Baudy, P., Cornut, J. & Schulz, R. (2017). 
Quantitative real-time PCR as a promising tool for the detection and quantification of leaf-
associated fungal species – A proof-of-concept using Alatospora pulchella. PLoS ONE, 12(4), p. 
e0174634. 
Feckler, A., Zubrod, J.P., Thielsch, A., Schwenk, K., Schulz, R. & Bundschuh, M. (2014). Cryptic 
species diversity: an overlooked factor in environmental management? Journal of Applied Ecology, 
51, pp. 958-967. 
Feld, C.K., Segurado, P. & Gutiérrez-Cánovas, C. (2016). Analysing the impact of multiple stressors in 
aquatic biomonitoring data: a ‘cookbook’ with applications in R. Science of the Total Environment, 
573, pp. 1320-1339. 
Fernandes, I., Seena, S., Pascoal, C. & Cássio, F. (2014). Elevated temperature may intensify the 
positive effects of nutrients on microbial decomposition in streams. Freshwater Biology, 59(11), 
pp. 2390-2399. 
Fernández, D., Voss, K., Bundschuh, M., Zubrod, J.P. & Schäfer, R.B. (2015). Effects of fungicides on 
decomposer communities and litter decomposition in vineyard streams. Science of the Total 
Environment, 533, pp. 40-48. 
Ferreira, V. & Chauvet, E. (2011). Synergistic effects of water temperature and dissolved nutrients on 
litter decomposition and associated fungi. Global Change Biology, 17(1), pp. 551-564. 
Fisher, M.C., Henk, D.A., Briggs, C.J., Brownstein, J.S., Madoff, L.C., McCraw, S.L. & Gurr, S.J. 
(2012). Emerging fungal threats to animal, plant and ecosystem health. Nature, 484(7393), pp. 186-
194. 
Flores, L., Banjac, Z., Farré, M., Larrañaga, A., Mas-Martí, E., Muñoz, I., Barceló, D. & Elosegi, A. 
(2014). Effects of a fungicide (imazalil) and an insecticide (diazinon) on stream fungi and 
invertebrates associated with litter breakdown. Science of the Total Environment, 476–477(0), pp. 
532-541. 
Folt, C.L., Chen, C.Y., Moore, M.V. & Burnaford, J. (1999). Synergism and antagonism among 
multiple stressors. Limnology and Oceanography, 44, pp. 864-877. 
Frainer, A. & McKie, B.G. (2015). Shifts in the diversity and composition of consumer traits  constrain 
the effects of land use on stream ecosystem functioning. In: Pawar, S., Woodward, G. & Dell, A.I. 
(eds) Advances in Ecological Research52) Academic Press, pp. 169-200.  
51 
 
Fungicide Resistance Action Committee Mode of action of fungicides―FRAC classification on mode of 
action 2017. Available at: http://www.frac.info/docs/defaultsource/publications/frac-mode-of-
action-poster/frac-moa-poster-2016.pdf?sfvrsn=2. 
Gago-Ferrero, P., Gros, M., Ahrens, L. & Wiberg, K. (2017). Impact of on-site, small and large scale 
wastewater treatment facilities on levels and fate of pharmaceuticals, personal care products, 
artificial sweeteners, pesticides, and perfluoroalkyl substances in recipient waters. Science of the 
Total Environment, 601-602, pp. 1289-1297. 
Gardeström, J., Ermold, M., Goedkoop, W. & McKie, B.G. (2016). Disturbance history influences 
stressor impacts: effects of a fungicide and nutrients on microbial diversity and litter 
decomposition. Freshwater Biology, 61(12), pp. 2171-2184. 
Gebbers, R. & Adamchuk, V.I. (2010). Precision agriculture and food security. Science, 327(5967), pp. 
828-831. 
Gessner, M., Bärlocher, F. & Chauvet, E. (2003). Qualitative and quantitative analyses of aquatic 
hyphomycetes in streams. Fungal Diversity Research Series, 10, pp. 127-157. 
Gessner, M.O. (2005). Ergosterol as a measure of fungal biomass. In: Graça, M.A.S., Bärlcoher, F. & 
Gessner, M.O. (eds) Methods to study litter decomposition. Dordrecht, Netherlands: Springer, pp. 
189-195. 
Gessner, M.O. & Chauvet, E. (1994). Importance of stream microfungi in controlling breakdown rates 
of leaf litter. Ecology, 75(6), pp. 1807-1817. 
Gessner, M.O., Gulis, V., Kuehn, K.A., Chauvet, E. & Suberkropp, K. (2007). Fungal decomposers of 
plant litter in aquatic ecosystems. In: Kubicek, C.P. & Druzhinina, I.S. (eds) Microbial and 
Environmental Relationships, pp. 301-324. 
Godfray, H.C.J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty, J., 
Robinson, S., Thomas, S.M. & Toulmin, C. (2010). Food security: the challenge of feeding 9 
billion people. Science, 327(5967), pp. 812-818. 
Gonçalves, A.L., Chauvet, E., Bärlocher, F., Graça, M.A.S. & Canhoto, C. (2014). Top-down and 
bottom-up control of litter decomposers in streams. Freshwater Biology, 59(10), pp. 2172-2182. 
Graça, M.A.S., Maltby, L. & Calow, P. (1993a). Importance of fungi in the diet of Gammarus pulex and 
Asellus aquaticus II. Effects on growth, reproduction and physiology. Oecologia, 96(3), pp. 304-
309. 
Graça, M.A.S., Maltby, L. & Calow, P. (1993b). Importance of fungi in the diet of Gammarus pulex and 
Asellus aquaticus I: feeding strategies. Oecologia, 93(1), pp. 139-144. 
Gulis, V. & Suberkropp, K. (2003). Effect of inorganic nutrients on relative contributions of fungi and 
bacteria to carbon flow from submerged decomposing leaf litter. Microbial Ecology, 45(1), pp. 11-
19. 
Hahn, T. & Schulz, R. (2007). Indirect effects of antibiotics in the aquatic environment: a laboratory 
study on detritivore food selection behavior. Human and Ecological Risk Assessment: An 
International Journal, 13(3), pp. 535-542. 
52 
 
Hakala, K., Hannukkala, A.O., Huusela-Veistola, E., Jalli, M. & Peltonen-Sainio, P. (2011). Pests and 
diseases in a changing climate: a major challenge for Finnish crop production. Agricultural and 
Food Science, 20(1), pp. 3-14. 
Halliwell, B. & Gutteridge, M.C. (1984). Oxygen toxicity, oxygen radicals, transition metals and 
disease. Biochemical Journal, 219(1), pp. 1-14. 
Hieber, M. & Gessner, M.O. (2002). Contribution of stream detrivores, fungi, and bacteria to leaf 
breakdown based on biomass estimates. Ecology, 83(4), pp. 1026-1038. 
Hodkinson, M. & Dalton, S.A. (1973). Interactions between DDT and river fungi. Bulletin of 
Environmental Contamination and Toxicology, 10(6), pp. 356-359. 
Hunting, E.R., Vonk, J.A., Musters, C.J.M., Kraak, M.H.S. & Vijver, M.G. (2016). Effects of 
agricultural practices on organic matter degradation in ditches. Scientific Reports, 6. 
Huston, M.A. (1997). Hidden treatments in ecological experiments: re-evaluating the ecosystem 
function of biodiversity. Oecologia, 110(4), pp. 449-460. 
Intergovernmental Panel on Climate Change (2013). Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change). Cambridge, United Kingdom and New York, USA: Cambridge University Press. 
Jonker, M.J., Gerhardt, A., Backhaus, T. & Van Gestel, C.A. (2011). Test design, mixture 
characterization, and data evaluation. In: C. A. van Gestel, et al. (ed.) Mixture toxicity – linking 
approaches from ecological and human toxicology. Boca Raton: CRC Press, pp. 121-156. 
Kaiser, L. (1989). Adjusting for baseline: change or percentage change? Statistics in Medicine, 8, pp. 
1183–1190. 
Kattwinkel, M., Kuhne, J.V., Foit, K. & Liess, M. (2011). Climate change, agricultural insecticide 
exposure, and risk for freshwater communities. Ecological Applications, 21(6), pp. 2068-2081. 
Kirtman, B., Power, S.B., Adedoyin, A.J., Boer, G.J., Bojariu, R., Camilloni, I., Doblas-Reyes, F., 
Fiore, A.M., Kimoto, M., Meehl, G., Prather, M., Sarr, A., Schar, C., Sutton, R., van Oldenborgh, 
G.J., Vecchi, G., Wang, H.J., Bindoff, N.L., Cameron-Smith, P., Chikamoto, Y., Clifton, O., Corti, 
S., Durack, P.J., Fichefet, T., Garcia-Serrano, J., Ginoux, P., Gray, L., Guemas, V., Hawkins, E., 
Holland, M., Holmes, C., Infanti, J., Ishii, M., Jacob, D., John, J., Klimont, Z., Knutson, T., 
Krinner, G., Lawrence, D., Lu, J., Murphy, D., Naik, V., Robock, A., Rodrigues, L., Sedlacek, J., 
Slater, A., Smith, D., Stevenson, D.S., van den Hurk, B., van Noije, T., Vavrus, S., Voulgarakis, A., 
Weisheimer, A., Wild, O., Woollings, T. & Young, P. (2014). Near-term climate change: 
projections and predictability. Climate Change 2013: The Physical Science Basis, pp. 953-1028. 
Krauss, G.-J., Solé, M., Krauss, G., Schlosser, D., Wesenberg, D. & Bärlocher, F. (2011). Fungi in 
freshwaters: ecology, physiology and biochemical potential. FEMS Microbiology Reviews, 35(4), 
pp. 620-651.  
Lau, D.C.P., Vrede, T., Pickova, J. & Goedkoop, W. (2012). Fatty acid composition of consumers in 
boreal lakes - variation across species, space and time. Freshwater Biology, 57(1), pp. 24-38. 
Laurance, W.F., Sayer, J. & Cassman, K.G. (2014). Agricultural expansion and its impacts on tropical 
nature. Trends in Ecology & Evolution, 29(2), pp. 107-116. 
53 
 
Lecerf, A. & Chauvet, E. (2008). Diversity and functions of leaf-decaying fungi in human-altered 
streams. Freshwater Biology, 53(8), pp. 1658-1672. 
Legendre. P., Oksanen, J. & ter Braak, C.J.F. (2011). Testing the significance of canonical axes in 
redundancy analysis. Methods in Ecology and Evolution, 2(3), pp. 269-277. 
Lewis, S.L. & Maslin, M.A. (2015). Defining the Anthropocene. Nature, 519(7542), pp. 171-180. 
Li, S., Sheng, L.X., Xu, J.B., Tong, H.B. & Jiang, H.B. (2016). The induction of metallothioneins 
during pulsed cadmium exposure to Daphnia magna: Recovery and trans-generational effect. 
Ecotoxicology and Environmental Safety, 126, pp. 71-77. 
Lindahl, B.D., Nilsson, R.H., Tedersoo, L., Abarenkov, K., Carlsen, T., Kjøller, R., Kõljalg, U., 
Pennanen, T., Rosendahl, S., Stenlid, J. & Kauserud, H. (2013). Fungal community analysis by 
high-throughput sequencing of amplified markers – a user's guide. New Phytologist, 199(1), pp. 
288-299. 
MacNeil, C., Dick, J.T. & Elwood, R.W. (1999). The dynamics of predation on Gammarus spp. 
(Crustacea: Amphipoda). Biological Reviews, 74(4), pp. 375-395. 
Malaj, E., von der Ohe, P.C., Grote, M., Kühne, R., Mondy, C.P., Usseglio-Polatera, P., Brack, W. & 
Schäfer, R.B. (2014). Organic chemicals jeopardize the health of freshwater ecosystems on the 
continental scale. Proceedings of the National Academy of Sciences, 111(26), pp. 9549-9554. 
Malmqvist, B. & Rundle, S. (2002). Threats to the running water ecosystems of the world. 
Environmental conservation, 29(2), pp. 134-153. 
Maltby, L. (1999). Studying stress: the importance of organism-level responses. Ecological 
Applications, 9(2), pp. 431-440. 
Maltby, L., Brock, T.C.M. & van den Brink, P.J. (2009). Fungicide risk assessment for aquatic 
ecosystems: importance of interspecific variation, toxic mode of action, and exposure regime. 
Environmental Science & Technology, 43(19), pp. 7556-7563. 
Maltby, L., Clayton, S.A., Yu, H., McLoughlin, N., Wood, R.M. & Yin, D. (2000). Using single-species 
toxicity tests, community-level responses, and toxicity identification evaluations to investigate 
effluent impacts. Environmental Toxicology and Chemistry, 19(1), pp. 151-157. 
Manerkar, M., Seena, S. & Bärlocher, F. (2008). Q-RT-PCR for assessing archaea, bacteria, and fungi 
during leaf decomposition in a stream. Microbial Ecology, 56(3), pp. 467-473. 
Marcarelli, A.M., Baxter, C.V., Mineau, M.M. & Hall, R.O. (2011). Quantity and quality: unifying food 
web and ecosystem perspectives on the role of resource subsidies in freshwaters. Ecology, 92(6), 
pp. 1215-1225. 
Maul, J.D., Schuler, L.J., Belden, J.B., Whiles, M.R. & Lydy, M.J. (2006). Effects of the antibiotic 
ciprofloxacin on stream microbial communities and detritivorous macroinvertebrates. 
Environmental Toxicology and Chemistry, 25(6), pp. 1598-1606. 
MEA - Millennium Ecosystem Assessment (2005). Ecosystems and Human Well-being: Synthesis. 
Island Press, Washington, DC, pp.137. 




Nakagawa, S. & Cuthill, I.C. (2007). Effect size, confidence interval and statistical significance: a 
practical guide for biologists. Biological Reviews, 82(4), pp. 591-605. 
Nikolcheva, L.G. & Bärlocher, F. (2004). Taxon-specific fungal primers reveal unexpectedly high 
diversity during leaf decomposition in a stream. Mycological Progress, 3(1), pp. 41-49. 
Nõges, P., Argillier, C., Borja, A., Garmendia, J.M., Hanganu, J., Kodeš, V., Pletterbauer, F., Sagouis, 
A. & Birk, S. (2016). Quantified biotic and abiotic responses to multiple stress in freshwater, 
marine and ground waters. Science of the Total Environment, 540, pp. 43-52. 
Nuzzo, R. (2014). Statistical errors. Nature, 506, p. 150. 
Parrish, C.C. (2009). Essential fatty acids in aquatic food webs. In: Lipids in aquatic ecosystems 
Springer, pp. 309-326. 
R Development Core Team (2017). R: a language and environment for statistical computing.  
[Computer Program]. Vienna, Austria: R Foundation for Statistical Computing. 
Rasmussen, J.J., Monberg, R.J., Baattrup-Pedersen, A., Cedergreen, N., Wiberg-Larsen, P., Strobel, B. 
& Kronvang, B. (2012). Effects of a triazole fungicide and a pyrethroid insecticide on the 
decomposition of leaves in the presence or absence of macroinvertebrate shredders. Aquatic 
Toxicology, 118, pp. 54-61. 
Ratcliff, A.W., Busse, M.D. & Shestak, C.J. (2006). Changes in microbial community structure 
following herbicide (glyphosate) additions to forest soils. Applied Soil Ecology, 34(2–3), pp. 114-
124. 
Raviraja, N., Nikolcheva, L. & Bärlocher, F. (2006). Fungal growth and leaf decomposition are affected 
by amount and type of inoculum and by external nutrients. Sydowia, 58(1), p. 91. 
Reichenberger, S., Bach, M., Skitschak, A. & Frede, H.-G. (2007). Mitigation strategies to reduce 
pesticide inputs into ground- and surface water and their effectiveness; A review. Science of the 
Total Environment, 384(1), pp. 1-35. 
Roberts, T. (2009). The role of fertilizer in growing the world’s food. Better Crops, 93(2), pp. 12-15. 
Salo, T., Stamm, C., Burdon, F.J., Räsänen, K. & Seppälä, O. (in press). Resilience to heat waves in the 
aquatic snail Lymnaea stagnalis: Additive and interactive effects with micropollutants. Freshwater 
Biology. 
Schäfer, R.B., von der Ohe, P.C., Rasmussen, J., Kefford, B.J., Beketov, M.A., Schulz, R. & Liess, M. 
(2012). Thresholds for the effects of pesticides on invertebrate communities and leaf breakdown in 
stream ecosystems. Environmental Science & Technology, 46(9), pp. 5134-5142. 
Schuhmacher, M., Navarro-Ortega, A., Sabater, L. & Barcelo, D. (2016). River conservation under 
multiple stressors: Integration of ecological status, pollution and hydrological variability. Science of 
the Total Environment, 540, pp. 1-2. 
Schulz, R. (2004). Field studies on exposure, effects, and risk mitigation of aquatic nonpoint-source 
insecticide pollution: a review. Journal of Environmental Quality, 33(2), pp. 419-448. 
Schulz, R. & Peall, S.K.C. (2001). Effectiveness of a constructed wetland for retention of nonpoint-
source pesticide pollution in the Lourens River Catchment, South Africa. Environmental Science & 
Technology, 35(2), pp. 422-426. 
55 
 
Sebilo, M., Mayer, B., Nicolardot, B., Pinay, G. & Mariotti, A. (2013). Long-term fate of nitrate 
fertilizer in agricultural soils. Proceedings of the National Academy of Sciences, 110(45), pp. 
18185-18189. 
Sharpley, A.N., McDowell, R.W. & Kleinman, P.J.A. (2001). Phosphorus loss from land to water: 
integrating agricultural and environmental management. Plant and Soil, 237(2), pp. 287-307. 
Solé, M., Müller, I., Pecyna, M.J., Fetzer, I., Harms, H. & Schlosser, D. (2012). Differential regulation 
by organic compounds and heavy metals of multiplelaccase genes in the aquatic hyphomycete 
Clavariopsis aquatica. Applied and Environmental Microbiology, 78(13), pp. 4732-4739. 
Stenersen, J. (2004). Chemical pesticides mode of action and toxicology. Boca Raton, FL, USA: CRC 
press. 
Stoks, R. & Córdoba-Aguilar, A. (2012). Evolutionary ecology of Odonata: a complex life cycle 
perspective. Annual Review of Entomology, 57(1), pp. 249-265. 
Strange, R.N. & Scott, P.R. (2005). Plant disease: A threat to global food security. Annual Review of 
Phytopathology, 43, pp. 83-116. 
Suberkropp, K. & Klug, M.J. (1976). Fungi and bacteria associated with leaves during processing in a 
woodland stream. Ecology, 57(4), pp. 707-719. 
Süss, A., Bischoff, G., Müller, C.W. & Buhr, L. (2006). Chemisch-biologisches Monitoring zu 
Pflanzenschutzmittelbelastung und Lebensgemeinschaften in Gräben des Alten Landes. 
Nachrichtenblatt des Deutschen Pflanzenschutzdienstes, 58, pp. 28-42. 
Taylor, B.R. & Chauvet, E.E. (2014). Relative influence of shredders and fungi on leaf litter 
decomposition along a river altitudinal gradient. Hydrobiologia, 721(1), pp. 239-250. 
Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler, D., Schlesinger, 
W.H., Simberloff, D. & Swackhamer, D. (2001). Forecasting agriculturally driven global 
environmental change. Science, 292(5515), pp. 281-284. 
Tocher, D.R. (2003). Metabolism and functions of lipids and fatty acids in teleost fish. Reviews in 
Fisheries Science, 11(2), pp. 107-184. 
Ulén, B., Von Brömssen, C., Kyllmar, K., Djodjic, F., Stjernman Forsberg, L. & Andersson, S. (2012). 
Long-term temporal dynamics and trends of particle-bound phosphorus and nitrate in agricultural 
stream waters. Acta Agriculturae Scandinavica, Section B — Soil & Plant Science, 62, pp. 217-228. 
Van Handel, E. (1985). Rapid determination of total lipids in mosquitoes. Journal of the American 
Mosquito Control Association, 1(3), pp. 302-304. 
Vitousek, P.M., Mooney, H.A., Lubchenco, J. & Melillo, J.M. (1997). Human domination of earth's 
ecosystems. Science, 277(5325), pp. 494-499. 
Wallace, J.B. & Eggert, S.L. (1997). Multiple trophic levels of a forest stream linked to terrestrial litter 
inputs. Science, 277, pp. 102-105. 
Weber, J.B. (1972). Interaction of organic pesticides with particulate matter in aquatic and soil systems. 
In: Fate of Organic Pesticides in the Aquatic Environment. American Chemical Society, pp. 55-
120. 
Webster, J.R. (2007). Spiraling down the river continuum: stream ecology and the U-shaped curve. 
Journal of the North American Benthological Society, 26(3), pp. 375-389. 
56 
 
Wheeler, M.W., Park, R.M. & Bailer, A.J. (2006). Comparing median lethal concentration values using 
confidence interval overlap or ratio tests. Environmental Toxicology and Chemistry, 25(5), pp. 
1441-1444. 
Whitehurst, I.T. (1991). The Gammarus:Asellus ratio as an index of organic pollution. Water Research, 
25(3), pp. 333-339. 
Wilding, J. & Maltby, L. (2006). Relative toxicological importance of aqueous and dietary metal 
exposure to a freshwater crustacean: Implications for risk assessment. Environmental Toxicology 
and Chemistry, 25(7), pp. 1795-1801. 
World Wildlife Fund - Australia (2015). Bushland destruction rapidly increasing in Queensland. 
Sydney, Autralia. 
Zalasiewicz, J., Williams, M., Haywood, A. & Ellis, M. (2011). The Anthropocene: a new epoch of 
geological time? Philosophical Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences, 369(1938), pp. 835-841. 
Zar, J.H. (2010). Biostatistical analysis. Upper Saddle River, NJ: Prentice Hall/Pearson. 
Zubrod, J.P., Baudy, P., Schulz, R. & Bundschuh, M. (2014). Effects of current-use fungicides and their 
mixtures on the feeding and survival of the key shredder Gammarus fossarum. Aquatic Toxicology, 
150, pp. 133-143. 
Zubrod, J.P., Bundschuh, M., Feckler, A., Englert, D. & Schulz, R. (2011). Ecotoxicological impact of 
the fungicide tebuconazole on an aquatic decomposer-detritivore system. Environmental 
Toxicology and Chemistry, 30(12), pp. 2718-2724. 
Zubrod, J.P., Englert, D., Feckler, A., Koksharova, N., Konschak, M., Bundschuh, R., Schnetzer, N., 
Englert, K., Schulz, R. & Bundschuh, M. (2015a). Does the current fungicide risk assessment 
provide suffiecient protection for key drivers in aquatic ecosystem functioning? Environmental 
Science & Technology, 49, pp. 1173-1181. 
Zubrod, J.P., Englert, D., Lüderwald, S., Poganiuch, S., Schulz, R. & Bundschuh, M. (2017a). History 
matters: pre-exposure to wastewater enhances pesticide toxicity in invertebrates. Environmental 
Science & Technology, 51(16), pp. 9280-9287. 
Zubrod, J.P., Englert, D., Wolfram, J., Rosenfeldt, R.R., Feckler, A., Bundschuh, R., Seitz, F., 
Konschak, M., Baudy, P., Lüderwald, S., Fink, P., Lorke, A., Schulz, R. & Bundschuh, M. (2017b). 
Long-term effects of fungicides on leaf-associated microorganisms and shredder populations – An 
artificial stream study. Environmental Toxicology and Chemistry, 36(8), pp. 2178-2189. 
Zubrod, J.P., Englert, D., Wolfram, J., Wallace, D., Schnetzer, N., Baudy, P., Konschak, M., Schulz, R. 
& Bundschuh, M. (2015b). Waterborne toxicity and diet-related effects of fungicides in the key leaf 
shredder Gammarus fossarum (Crustacea; Amphipoda). Aquatic Toxicology, 169, pp. 105-112. 
Zubrod, J.P., Feckler, A., Englert, D., Koksharova, N., Rosenfeldt, R., Seitz, F., Schulz, R. & 
Bundschuh, M. (2015c). Inorganic fungicides as routinely applied in organic and 
conventional agriculture can increase palatability but reduce microbial decomposition of leaf 




One of the most common questions I was asked by my family and friends 
over the last few years was ”What are you studying exactly?”. I tried to make it 
easy and answered “Environmental Sciences”, which most of the times resulted 
in the comment “Ah, wonderful, something with environment. This is 
important these days” – and that’s where the conversation ended. To finally put 
it into perspective, this is what I have actually been doing during the past four 
years: I studied how fungi, bacteria, and little invertebrates that live in streams 
are affected by fungicides we use in agriculture. 
 
But let us start from the beginning… Imagine you are standing next to a 
stream surrounded by trees that cast a shadow on the water. The shade from the 
trees hinders the growth of algae, since these organisms need light to convert 
into energy during photosynthesis and fuel their activity – a process you may 
recall from biology classes in school. Consequently, organisms living in these 
streams cannot use algae as a high-quality food source; leaves falling from the 
trees are instead known as the main source of energy. Before the majority of 
stream-inhabiting organisms can use the energy stored in leaves, they have to 
be processed by microbes (bacteria and fungi) and small invertebrates, so-
called “leaf-shredders”. The latter organisms fragment the leaf material while 
feeding on it – like the Cookie Monster from the Sesame Street does when 
eating cookies and spreading crumbs all over the place. However, chemicals 
that we apply to increase our crop yields, for example fungicides that kill 
fungal pests, can enter these streams and cause harm to microbes and leaf-
shredders. Both groups of organisms can be affected when they are directly in 
contact with fungicides through the water. Besides, fungicides can stick to the 
leaf material and can be ingested by leaf-shredders during feeding. Finally, 
fungicide effects on the growth and assemblage of fungi on the leaf material 
can indirectly affect leaf-shredders, since they prefer to eat leaves overgrown 
by fungi – just as we prefer bread with jam over plain bread – and prefer to eat 
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some fungi more than others. Coming back to the beginning, you now 
understand why I looked into the question of how fungicides affect microbes, 
leaf-shredders, and the interplay between them. But what did I find out? 
 
My studies showed that fungi did not grow as well and changed their 
assemblage when in contact with fungicides, which eventually affected their 
processing of leaf material. When I studied microbes that had not been in 
contact with chemicals before, fungicides decreased the processing of leaf 
material. On the other hand, I surprisingly found that a previous exposure to 
chemicals in streams increased microbes’ processing of leaf material when 
they were exposed to fungicides in the laboratory. You likely know a similar 
adjustment of your own performance: when you train at the gym for the first 
time, your muscles are sore for the next few days and you move slower than 
usual. However, with time and more exercise, your body adapts to the training 
and you can lift more weight. An increased processing of leaf material after 
adaptation of microbes to chemicals was not only observed in Sweden, but was 
also found in Denmark and Germany, suggesting this pattern as a general 
response of microbes. Moreover, fungicides influenced the food quality for 
leaf-shredders: On one hand, fungicides sticking to the leaves reduced their 
taste for leaf-shredders. On the other hand, the reduction of fungal growth on 
the leaf material reduced the ”jam on the bread” and lowered the food quality. 
When feeding on these untasty and low-quality leaves, leaf-shredders grew less 
and stored less fat. This happened also when leaf-shredder were in contact with 
fungicides through the water, but in this situation their growth and fat storage 
was even more reduced. Although the effects on leaf-shredders were stronger 
when they were in direct contact with the fungicides through the water, we can 
not ignore the food-quality related effects. This is because many fungicides 
stick to leaves and accumulate when they enter the streams. This affects the 
food quality for leaf-shredders and they are taken up involuntarily during 
feeding. Additionally, leaf-shredders can feed on leaves of lower quality and be 
in contact with fungicides through the water at the same time. In this case, the 
effects caused by the lower food quality and the fungicide effects over the 
water were combined and reduced the growth and fat storage even more. 
 
So, this is what I have been doing during the past four years in Sweden. 
Maybe you will think of the Cookie Monster, bread with jam or your gym 
when you pass by a small stream and are reminded of my research. 
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En av de vanligaste frågorna jag fått från min familj och vänner under de 
senaste åren var ”Exakt vad är det du studerar?”Jag försökte göra det enkelt 
och svarade ”Miljövetenskap”, vilket oftast resulterade i svaret ”Åh, underbart, 
något med miljö. Det är viktigt dessa dagar” – och där tog sedan samtalet slut. 
För att nu till sist sätta det i sitt rätta sammanhang – detta är vad jag faktiskt har 
gjort under de senaste fyra åren: Jag studerade hur svampar, bakterier och små 
ryggradslösa djur som lever i vattendrag påverkas av svampbekämpningsmedel 
(även kallade svampmedel) som vi använder inom jordbruket.  
 
Men, låt oss börja från början… Tänk dig att du står alldeles bredvid ett 
vattendrag som omges av träd som kastar en skugga över vattnet. Skuggan från 
träden hindrar algerna från att växa, eftersom grunden för deras utveckling är 
att de behöver solljus som kan omvandlas till energi genom fotosyntesen – en 
process du kanske kommer ihåg från biologilektionerna i skolan. Organismer 
som lever i dessa vattendrag kan därför inte använda alger som en fullvärdig 
energikälla; löv som faller från träden blir istället deras främsta energikälla. 
Innan de flesta vattenlevande organismerna kan livnära sig på löven måste de 
dock först bearbetas av mikrober (bakterier och svampar) och små 
ryggradslösa djur, så kallade ”lövfragmenterare”, som finfördelar löven 
samtidigt som de livnär sig på dem – precis som Kakmonstret i ”Sesame 
Street” gör när han äter kakor och strör smulor överallt. Kemikalier som vi 
använder för att öka våra skördar, till exempel svampmedel som tar död på 
skadesvampar, kan hamna i våra vattendrag och orsaka skador på mikrober och 
lövfragmenterare. Båda dessa organismgrupper kan påverkas när de kommer i 
direkt kontakt med svampmedel i vatten. Dessutom kan svampmedel fastna på 
lövmaterialet och tas upp av lövdelarna som de mumsar på. Svampmedel kan 
påverka både tillväxt och svampsammansättning på löven vilket indirekt kan 
påverka lövfragmenterare, eftersom de föredrar att äta löv som är övervuxna av 




Det är också så att organismerna föredrar att äta vissa svampar framför andra, 
precis som vi. För att återvända till inledningen – nu förstår du varför jag 
intresserat mig för frågan om hur svampmedel påverkar mikrober, 
lövfragmenterare och samspelet mellan dem. Men, vad har jag kom fram till? 
 
Mina studier visade att svamparna inte växte lika bra och att 
sammansättning av svampar förändrades när de kom i kontakt med 
svampmedel. Detta ledde så småningom  till att nedbrytningen av löven 
påverkades. Mikrober som inte hade varit i kontakt med kemikalier tidigare 
minskade sin bearbetning av lövmaterial när de utsattes för svampmedel. Å 
andra sidan fann jag till min överraskning att om mikroberna tidigare hade 
exponerats för kemikalier i vattendrag så ökade bearbetningen av lövmaterialet 
när de därefter utsattes för svampmedel- den här gången i laboratoriet. Du 
känner säkert igen en liknande tillvänjning av din egen prestation. När du 
tränar i gymmet för första gången är dina muskler ömma de närmaste dagarna 
och du går långsammare än vanligt. Men med tiden och med mer träning 
anpassar sig din kropp till träningen och du kan lyfta tyngre vikter. En ökad 
bearbetning av lövmaterial efter att mikroberna anpassat sig till kemikalier 
observerades inte bara i Sverige, utan också i Danmark och Tyskland. Detta 
beteende hos mikroberna följer alltså ett generellt mönster. Dessutom visade 
det sig att svampmedlen påverkat kvalitén på lövfragmenterarnas mat. Å ena 
sidan så minskade svampmedlen som fastnade på löven deras smak för 
lövfragmenterare. Å andra sidan innebar den minskade svamptillväxten på 
bladmaterialet en minskad "sylt på brödet" effekt och därmed sänkt 
matkvalitet. När lövfragmenterare utfodrades med dessa löv som både smakade 
dåligt och var av låg kvalitet så växte de mindre och lagrade mindre fett. 
Samma sak hände också när lövfragmenterare kom i kontakt med svampmedel 
direkt genom vattnet, men då blev deras tillväxt och fettlagring ännu lägre. 
Trots att effekterna på lövfragmenterare var kraftigare när de var i direkt 
kontakt med svampmedlet i vattnet, får vi inte bortse från de födorelaterade 
effekterna. Detta eftersom svampmedel gärna fäster till löven och ackumulerar 
där. Detta leder till väsentligt försämrad födokvalitet för lövfragmenterarna och 
en ofrivillig konsumtion av svampmedel. Dessutom sker de negativa 
processerna samtidigt; konsumtion av löv av lägre kvalitet och direkt kontakt 
med svampmedel växelverkar på ett negativt sätt, vilket gör att effekten på 
tillväxt och fettinlagring blir ännu större. 
Så detta är vad jag har gjort under de senaste fyra åren i Sverige. Kanske 
kommer du att tänka på Kakmonstret, bröd med sylt eller ditt gym nästa gång 




“The best education I have ever received was through travel” 
(Lisa Ling) 
 
The past few years have indeed been an educational journey for me and it 
would not have been half the fun if I would have been on my own. You all 
have accompanied and helped me through this journey in your own ways, for 
which I am extremely thankful – it was a privilege to have you around me. 
 
To my supervisors: First and foremost, Willem, Mirco, Jenny, and Maria, 
thank you so much for your guidance and help. This project would not have 
been possible without you. Willem, I really thank you for giving me the 
freedom to explore science in my own way and always having an open door 
(and ear) for me no matter how high the pile of documents on your desk was. 
Thank you for your time, patience, and the opportunity to start this project 
without exactly knowing where this journey might end up. I enjoyed our talks 
about music, mobile usage behaviour, vacation on Texel, skiing in Germany, 
and all the other things I can’t recall. Mirco, I could not think of a better 
mentor and friend. It has already been seven years now since we started 
working together and I do not regret a single day. You showed me that I can go 
beyond my boundaries and achieve things that I thought would not be possible. 
I would not be where I am today without all your guidance, experience, 
support, encouragement, and knowledge. Thank you for all the good memories 
I have of fun evenings, discussions, laughing, painting the world a bit darker 
than it might actually be, travels, diving, and so much more. I am looking 
forward to add more memories in the future. Jenny, thank you for always 
having your door open for me and answering my questions so patiently. Your 
friendly words, positive feedback and encouragement always showed me that I 




we did not manage to include studies on diatoms in the thesis, you were a great 
addition to the supervisor team. Thank you for your constant encouragement 
and positive criticism that motivated me to go on and showed me that we are 
on the right track.  
 
To the staff at IVM: Many thanks to Annika, Maria B., Catarina, Lars, 
Herman, Ronald, Hasse, Micke, Göran, Birgitta for helping me solving 
endless administrative questions, logistic issues, IT-problems, building 
equipment for experiments,...  
 
To all former and current PhD students at the department and members of 
the YR-group: It was my pleasure spending time with you during fika, lunch 
and all the other fun activities. I have developed some good friendships. 
Amelie, creating the most amazing PowerPoint presentations for spexes. 
Anastasya, do I have to say more than Ryan Gosling? Ande, I still don’t 
recognize you with your new hair colour. André, you should get back further 
south. Anna-Karin, best imitation of a scared face when spotting a fake spider. 
Babar, you still have to run Blodomloppet in high heels. Baolin, a remote PhD 
student. Brian, let’s go get some pizza. Bonnie, you found another Dr Who 
nerd in me. Claudia, also having a job interview partially on the phone 
couldn’t stop you from getting the position. Didier, the guy whose biceps now 
have their own orbit. Elin, one of the few people sharing my weird taste of 
music (at least partly). Emma, always cheering me up with your happy 
attitude. Francois, no lunch without cheese. Dr Frank, biggest Guns N’ Roses 
fan I know. Mr Frank, I am still impressed how deep a single breath can take 
you. Gustaf, the famous musician. Hannah, is it true that people from Philly 
love their pretzles like we Germans do? Jacob, man kann Nudeln machen 
warm, man kann Nudeln machen kalt. Jakob, no afternoon fika without 
yoghurt. James, I’m still sceptical about your age. Jana, hope we will 
eventually manage to go out in Stockholm. Jelena, now unfortunately one of 
the “dirt people”. Jenny, it is always my pleasure explaining the fun world of 
R to you. Joachim, thanks for inventing Lilla Tour de Nation. José, mi 
hermano; no fika without a hug. Kilian, the salt man. Kristina, hands-down 
my buddy from the beginning. Laura, always kicking my ass at the Sunnersta 
skiing hill (not skiing tho). Lisa, baby got Laugengebäck. Lutz, always on the 
move. Maidul, hello Sir!. Mattias, lord of the cups. Meritxell, no matter 
where you were at the department, your great laughter was heard everywhere. 
Mike, slowly adapting to the Swedish lunch (=no sandwiches). Miriam, 
basically living at SLU during the past months. Dr Mr Minh, you are good for 
me. Oded, MacBeaver. Oscar, farmer/hunter/PhD student/… in one person. 
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Pablo, getting up at 6 am is possible. Pianpian, sometimes too fearless in 
sports. Rikard, my first office mate who had to suffer from my questions about 
Sweden in the beginning. Salar, we still have the SRAC-trip to Cuba ahead of 
us, buddy. Sara G., I will miss your amazing cakes. Sara S., or shut up? 
Simon, you need to buy food today? Sophia, thanks for explaining resilience 
for the 100th time to me. Steffi, my pleasure helping you move out of the top 
floor at the peak of summer temperatures and no elevator around. Svenja, I 
still don’t understand what your bazooka-shaped sensor is used for. Tamara, 
up for some more rounds of IPA with ever-increasing glass sizes? Vera, 
tjenaaaaaaa! Wiebke, never buying lunch at Syltan without the obligatory 
bread for the way back. 
 
To the senior scientists: Brendan, thank you for taking care of the 
administrative duties of my PhD studies and always printing new student 
proofs whenever I managed to lose them. David, thank you for all the talks 
about music and its connection to science, your dark sense of humor, and 
sharing my opinion on various issues of science and daily life. It was a pleasure 
having you around. Karin and Frank, thank you for your support towards the 
end of my PhD and involving me in side projects. Martyn and Dolly, your 
positive attitude and constant smile brightened up even the darkest days during 
the long Swedish winter. Edward can count himself lucky to have you as 
parents. Matt, P(me loving Bayes I taking your course)=1. Thank you for 
introducing me into the fabulous world of Bayesian statistics using Star Wars, 
Star Trek and other examples one might not think of in this context. Ove, 
although the TIMFIE-samplers didn’t work as we hoped in the beginning, they 
were not the most critical part of the study.  
 
To the lab staff: Eva, Anders and Isabel, thank you for welcoming me 
with open arms to the plankton lab and helping me solve all the microscope 
problems a newbie has. Ingrid, thanks for ordering tons of material for my 
experiments. Magda-Lena, thank you for helping out during the preparation of 
last year’s field study and now taking care of incomplete worms and other 
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Blaize, Christina, Christoffer, Damien, Emil, Johan, Jovana, Katharina, 
Kerstin, Maria, Monica, Rob, Roger, Tobias and Torsten, I am really 
thankful for the fun during fikas, dinners, (cocktail) parties, concerts, hanging 
out, organising a conference and discussing the sense behind the high alcohol 




To my friends in Landau, who are still a big part of my life (although some 
of you have left Landau by now): Annette, Christian L., Christian W., Dom, 
Frank, Jan-Hendrik, Jenny, Jochen, Julian, Katharina, Kym, Marco, 
Marcus, Martin, Patrick, Philipp, Rebecca, Ricki, Simon, Stephan, Tim, 
and many more, thank you for keeping friendships alive, in spite of 1,700 km 
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